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PREFACE. 

I HAVE endeavoured in this book to give some account 

■of the experiments on Positive Rays which have been 

made at the Cavendish Laboratory during the last 

seven years, and which have been the subject of papers 

scattered through the Philosophical Magazine, the 

Proceedings of the Royal Society, and the Proceedings 

of the Cambridge Philosophical Society. I have, in 

addition, included a short account of the researches of 

Stark and others on the Doppler effect in Positive 

Rays and of Gehrcke and Reichenheim’s experiments 

on Anode Rays, as these, those on the Doppler effect 

especially, are very closely connected with the results 

obtained by the very different methods described in the 

earlier part of this book. I have described at some 

length the application of Positive Rays to chemical 

analysis ; one of the main reasons for writing this book 

was the hope that it might induce others, and especially 

chemists, to try this method of analysis. I feel sure 

that there are many problems in Chemistry which could 

be solved with far greater ease by this than by any 

other method. The method is surprisingly sensitive— 

more so even than that of Spectrum Analysis, requires 

an infinitesimal amount of material, and does not require 
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this to be specially puribed: the technique is not diffi- 

.:ult if appliances for producing high vacua are available. 

I am glad to be able to take this opportunity of ex¬ 

pressing my obligations to Mr. F. \V. Aston, B.A., and 

Mr. E. Everett. My thanks also are due to the 

President and Council of the Royal Society’’ for per¬ 

mission to use the blocks illustrating my Bakerian 

Lecture. 

J. J. THOMSON. 
Cambruxje, 4 Octdxr^ >913. 
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RAYS OF POSITIVE ELECTRICITY. 

The positive rays were discovered by Goldstein in 1886.^ 

His apparatus is represented in Fig. i ; the cathode K which 

stretched right across the tube r was a metal plate through 

which a number of holes were drilled, the diameter of the holes 

being considerably less than the thickness of the plate ; the axes 

of the holes were at right angles to the surface of the plate; 

the anode a was at the end of the lower part of the tube. 

The pressure of the gas in the tube was so low that when the 

electrodes K and a were connected with the terminals of an 

induction coil and a discharge passed through the tube, the 

dark space below the cathode was well developed. Under 

these circumstances Goldstein found that slightly diverging 

bundles of a luminous discharge streamed through the holes 

in the cathode into the upper tube. The colour of the light in 

these bundles depended on the kind of gas with which the 

tube was filled: when it was air the light was yellowish, when 

it was hydrogen, rose colour. These rays can be shown very 

conveniently by the use of the tube represented in Fig. 2 ; a 

form also used by Goldstein in his earlier experiments. The 

cathode which fills the middle of the tube is a flat disc with 

a hole in it; a metal tube fitting into the hole is soldered 

^ Uber eine nocb nicht untersuchte Strahlungsform an der Kathode indu- 
cirter Entladungen. “ Berl. Ber.,” xxxix, p. 691, 1886; “ Wied. Ann.,” lxiv, 

p, 38, 1898. 
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on to the cathode, the length of the tube should be several 

times the diameter of the hole and its axis perpendicular to 

the plane of the cathode; the anode is a wire fused into the 

upper part of the tube. When the pressure of the gas is pro- 

l>erly adjusted, the |X)S!tive rays stream through the tube into 

Fig. 2. 

the lower part of the vessel while the cathode rays shoot up¬ 

wards. The contrast between the colour of light due to the 

positive rays and that due to the cathode rays is, when some 

gases are in the tube, exceedingly striking. Of all the gases 

I have tried for this purpose neon gives the most striking 
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results, for with this gas the light due to the positive rays is a 

most gorgeous red, while that due to the cathode rays is pale 

blue; with helium the positive rays give a reddish light while 

that due to the cathode rays is green. The spectroscopic ex¬ 

amination of the light due to the positive and cathode rays 

reveals interesting differences which we shall have to consider 

later; we may anticipate, however, so far as to say that the 

character of the light produced by the positive rays is similar 

to that of the velvety glow which, in an ordinary discharge 

tube with an unperforated cathode, spreads over the surface of 

the cathode. 

As in Goldstein's experiments these rays were obser\^ed 

streaming through holes or channels in the cathode ; he called 

them Kanalstrahlen Now that they have been proved to be 

streams of particles, the majority of which are positively 

electrified, it seems advisable to call them positive rays, as in¬ 

dicating their nature; the name Kanalstrahlen only suggests 

the methods of demonstrating them. 

Many important properties of the positive rays can be 

easily demonstrated by the use of a tube like that shown in 

Fig. 2. For example when the rays strike against the glass 

sides of the tube they make the glass phosphoresce. The 

phosphorescence produced by the positive rays is of a different 

colour from that produced by the cathode rays and is in 

general not nearly so bright. With German glass the positive 

and cathode rays both produce a greenish phosphorescence, 

though the greens are of different shades. With some sub¬ 

stances the contrast is much more striking, for example with 

fused lithium chloride the phosphorescence produced by the 

positive rays is an intense red showing when examined by the 

spectroscope the red lithium line; the phosphorescence due to 

the cathode rays is a light blue giving a continuous spectrum. 

The phosphorescence due to the positive rays is a most 
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valuable aid for studying the way the rays are deflected by 

electric and magnetic forces, and it is important to find the 

substance which gives the brightest phosphorescence. The 

substance which I have found most useful is willemite, a natural 

silicate of zinc. The mineral should be ground into as fine a 

^m’der as possible, the powder shaken up in alcohol so as to 

form a suspension, which is allowed to deposit slowly on a 

glass plate; by this means the glass is covered with an exceed¬ 

ingly even deposit of the willemite. After continued exposure 

to the |X}siti¥e rays the brightness of the phosphorescence 

diminishes and ultimately disappears, so that for the detection 

of these mys the willemite must be renewed from time to time, 

^me substances deteriorate more rapidly than others, for ex¬ 

ample zinc blende phosphoresces very brightly under the 

positive rays, but, as far as my experience goes, it deteriorates 

much more quickly than willemite, so that when the observa¬ 

tions have to last for any considerable time the willemite is 

preferable. A more sensitive, and for many purposes more 

convenient, way of registering the deflection of the positive 

rays is to take advantage of the fact that, when these rays 

strike against a photographic plate, they affect the plate at the 

place of impact and thus a permanent record of the position 

of the rays can be obtained. The action of the rays on the 

plate differs from that of light, since these rays do not use the 

whole thickn^s of the film but only a layer close to the surface, 

that it does not follow that the most ‘‘ rapid ” photographic 

plates are the most sensitive to the positive rays. The most 

sensitive plates for the detection of the positive rays would be 

those having very thin films containing as much silver as pos¬ 

sible. I have tried the old Daguerreotype process instead of 

the usual diy plate method, but without much success. It is 

prolmble that if Schumann plates (Baly’s « Spectroscopy,” p. 

359) could be prepared as uniform and free from streaks as 
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ordinary commercial plates they would be the most suitable 

for the study of the positive rays; all the plates of this kind 

I have triedj however, have been too streaky to permit the 

determination of faint lines with any certainty. The plates 

known as “Imperial Sovereign’’ give very good results. 

The positive rays gradually remove a thin deposit of metal 

from the part of walls of the tube against which they 

strike. Such thin deposits can readily be produced by run¬ 

ning an electric discharge through the tube when it contains 

gas at a low pressure, using for the cathode a piece of the 

metal it is wished to deposit on the glass. The metal cathode 

“ splutters ” and the metal is deposited as a thin layer on the 

glass near the cathode. 

DOUBLE CATHODES. 

Goldstein ^ found that positive rays came freely from the 

space between two parallel plates metallically connected to¬ 

gether and used as a cathode for the discharge through gas at a 

low pressure. Cathode rays also come from this region, and 

the discharge from a cathode of this kind, through a gas where 

there is a marked difference in colour between the luminosity 

produced by the cathode and positive rays, presents some very 

interesting features. Hydrogen, and to a still greater degree 

helium and neon, are suitable gases for this purpose. When a 

cathode formed of two parallel equilateral triangles connected to¬ 

gether by a wire is used for the discharge through helium at a 

low pressure, the discharge near the cathode has the appearance 

represented in Fig. 3. From the points of the triangle stream 

pencils of luminosity showing the characteristic red colour of 

the positive rays in helium, while the middle points of the sides 

Goldstein, “ Phil. Mag.” VI, p. 372,1908. 



6 RAVS OF POSITIVE ELECTRICITY 

are the origin of streams of greenish luminosity, the colour of 

the path of the cathode rays through helium. The difference 

in the character of the rays is also made evident by bringing 

a small magnet near the discharge tube; the green rays are 

visibly deflected by the magnet but no appreciable effect is 

produced on the red rays. By using polygons instead of 

triangles, or scalene triangles instead of equilateral ones, very 

interesting distributions of the red and green pencils can be 

Fig. 3. 

obtained. Res^rches on these parallel cathodes have been 

made by Kunz^ and Orange,- and they are often useful for 

giving strong pencils of positive rays in definite directions; 

we shall have to consider later on examples of their use for 

this purpose. 

^ Kimz, Phil. Mag. ” VI, xvi, p. 161,1908. 
‘^Orange, “ Proc. Camb. Phil. Soc.,” XV, p. 217. 
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RECTILINEAR PROPAGATION OF THE POSITIVE 

RAYS. 

This can be shown by placing a solid obstacle in the path 

of a pencil of positive rays: this casts a shadow on the part of 

the tube which was phosphorescing under the impact of these 

rays. Comparing the shape of the shadow with that of the ob- 

stacle^ it is found that the shadow is very approximately the 

projection of the outside of the solid on the walls of the tube 

by lines passing through the hole in the cathode through which 

the pencil of positive rays emerges. 

On the Nature of the Positive Rays, their Deflec¬ 
tion BY Electric and Magnetic Forces. 

As cathode rays were proved to be negatively electrified 

particles by the study of the deflections they experience when 

acted on by magnetic and electric forces, and as these deflec¬ 

tions gave the means of finding the mass and velocity of the 

cathode particles, it was natural to attempt to apply the same 

methods to the positive rays. It was not, however, until 

twelve years had elapsed since the discovery of the rays that 

any effect of a magnetic field on them was detected. A small 

permanent magnet held near a bundle of cathode rays produces 

a very appreciable effect; it has, however, no apparent action 

on the positive rays : as a matter of fact the deflection due to 

a magnetic field on the positive rays is at most about 2 per 

cent of the deflection of the cathode rays, the deflections be¬ 

ing measured at equal distances from the cathode. In 1898, 

however, Wien, by the use of very powerful magnetic fields, 

proved that the positive rays were deflected by magnetic 

forces.^ 

Before discussing Wien’s experiments it will be convenient 

iW. Wien, “Verb. d. phys. Gesell.,” 17, 1S98. 
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to consider the theor>' of the deflection of a moving electrified 

particle by a magnetic field. The force acting on the moving 

particle is at right angles to the magnetic force, at right angles 

also to the direction of motion of the particle and equal to 

elivsin,^, where H is the magnetic force at the particle, v the 

velocity of the particle, <#> the angle between H and v, and e 

the charge on the particle. Since this force is always at right 

angles to the direction of motion of the particle it will not alter 

the speed of the particle but only the direction in which it is 

moving. Suppose that the particle is originally projected with 

a velocity v parallel to the axis oix, and that it is moving in 

a magnetic field arranged so as to be very approximately in 

the direction of the axis of s, the direction of the force along 

the particle will be parallel to the axis of y and this will be 

the direction in which it will be deflected. If y is the deflec¬ 

tion in this direction at the time t, m the mass of the particle, 

H the magnetic force parallel to the axis of Z, and e the 

charge carried by the particle, the equation of motion of the 

particle is 

m 
d'y 
W 

= ell 
dx 

dt 

Integrating this equation we get 

if the origin of co-ordinates is taken at the point of projection; 

for since the particle was projected parallel to the axis of x, 

dy 
= 0 when o. Now if the deflection of the particle is small 

dx 
^ willy n^lecting the squares of small quantities, be equal to 

dy ^ 
^ ^ assumption equation (i) may be 

written 
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mv 
dy 

dx =i: . dx ; 

hence if j is the deflection when jr = / 

mzy = f ^ { eYidx | dx. 
Jo I Jo J 

integrating by parts we have 

mvy = / j* e}Adx 

— e 

or writing A for 

j^(/ - x)Yidx 

j" xe]\dx 

- x) Udx 

y ~ — A. 
mv 

Where K depends merely upon the strength of the magnetic 

field and the distance from the point of projection at which the 

deflection is measured; it is quite independent of the charge 

mass, or velocity of the particle. 

If the magnetic field is that between two poles of an electro¬ 

magnet placed close together and reaching up to the point of 

projection of the particle, then if a is the breadth of the pole 

pieces, H is approximately constant from;v = d? to ^ = ^ and 

vanishes from x=^atox=L Substituting this value for H in 

the expression for A we find 

A-»(/- i)H 

when H is the magnetic force between the poles. When this 

approximation is not sufficiently accurate and we have to take 

into account the stray magnetic field beyond the poles as well 

as the variation of the magnetic force between the poles, A 

may be conveniently determined by the following method.^ 

Wind a coil of triangular section DEF, the base DF being 

J. J. Thomson, ** Phil. Mag.,” VI, xviii, p. 844. 
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equal to /, the angle EDF a right angle, and DE small 

compared with the depth of the pole pieces of the electro¬ 

magnet. Place the coil so that DF is along the direction in 

which the particle is projected D being at the point of pro¬ 

jection and F at the distance at which the deflection is measured, 

connect up the coil with a ballistic galvanometer, or what is 

Fig. 4. 

more convenient with a Grassot flux meter, and determine the 

number of lines of magnetic force which pass through this coil 

when the electromagnet is made or broken ; from this number 

we can easily determine the value of A. For if N is this 

number, then we see from Fig. 4 that 

N = 'h X PN.^ 
o 

and from the figure 

ra _ ra _ / - .jr 

DE ~ FD " I 

hence N = f H . 55 {I - x)dx 
Jo / 

= ^ f H(/ - x)dx 
—— L Jo 

Thus when hi is known A can be at once determined. 



ELECTROSTATIC DEFLECTION 

ELECTROSTATIC DEFLECTION OF THE 
PARTICLE. 

Let us suppose as before that the particle is projected with 

a velocity v parallel to the axis of ; let the electric force act¬ 

ing on the particle be parallel to the axis of z and equal to Z, 

then the equation of motion of the particle under the electric 

force is 

rj 
m — = 

dt 

d^ z dS z 
When the deflection is small, = ~ approximately, 

dl- djT 

and hence 

= eZ 

or z = ({ Zdx\dx 

where B = vr Jo VJo 
Zdx\dx 

thus B is quite independent of the charge, mass, or velocity of the 

particle, and depends merely on the distribution of the electric 

field and the distance from the point of projection at which 

the deflection is measured. 

A very convenient method of producing the electric field is 

to have two parallel plates perpendicular to the axis of z ; in 

this case the electric field is approximately constant between 

the plates and vanishes outside them. If b is the length of the 

plates measured parallel to the axis of x, and if one end of the 

plates just comes up to the point from which the particle is 

projected, putting Z = Z from x = o to x=by and X = o from 

x= ^ to =/, we find that B = Z^ f ^ 
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so that ifis the deflection when I 

j = -I-. Zbil - -) • 

The electric field is not absolotely constant between the 

plates, it is greater close to the edges than in other parts of 

the field, nor dc^s it absolutely vanish at all places outside the 

plates ; when great accuracy is required these points have to be 

taken into account in the calculation of B. A method by which 

this may be done was given by the author in the Phil. Mag.,’' 

\1, voL XX, p. 752. 

If the particle is simultaneously acted on by magnetic and 

electric forces parallel to the axis of z, we may, if the deflec¬ 

tions are small, superpose the effects due to the magnetic and 

electric forces, so that the j, .c deflections of the particle 

parallel to the axis of f and ^ respectively are given by the 

equation 
,A (I) 

(2; 

Thus if we had a stream of charged particles of different 

kinds [Le. with different values of ehn) projected from the 

origin with different velocities parallel to the axis of x, in the 

absence of electric and magnetic forces they would all strike a 

screen at ^ / at the same point When, however, they are 

submitted to the action of electric and magnetic forces they 

get sorted out, and no two particles strike the same point on 

the scr^n unless they are moving at the same speed and also 

have the same value of ejm. If we know the deflected 

|»S!tion of the particle we can by equations (i) and (2) calcu¬ 

late both the values of v and also the value of ejm ; we have 

from these «|uations 

y B 

A 
(3) 

^ y B 

m z 
(4) 
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Thus yh will be constant for all particles moving with a 

given speed whatever may be their charge or mass, hence all 

such particles will strike the screen in a straight line passing 

through the undeflected position of the particles. 

Again for the same kind of particle y'^h is constant 

whatever may-be the velocity of the particles, hence particles 

of the same kind will all strike the screen in a parabola with 

its vertex at the undeflected position of the particles, and there 

will be as many of these parabolas as there are different kinds 

of particles. 

Wien’s Proof of the Magnetic and Electric De¬ 

flection OF the Rays. 

W. Wien ^ applied this method to demonstrate the 

magnetic and electric deflections of the positive rays; he 

proved in this way that the positive rays contained electrified 

particles, and the direction of the deflections showed that they 

were positively charged. He calculated by the formula we have 

just given the values of efni and v for these particles.^ 

The method used by Wien is illustrated in Fig. 5. 

The cathode K was an iron cylinder 3 cm. long with a 

1 W. Wien, “ Wied. Ann.,” 65, p. 440, 1898; “ Ann. der. Phys.,” 8, p. 244, 

1902. 



hole 2 mm. in diameter bored through it, the anode was at the 

top of the tube. The lower end of the tube was made as flat 

as possible so as to facilitate the observation of the spot oi 

luininosity produced by the impact of the positive rays on the 

glass. The magnetic field was produced by an electromagnet 

whose poles were at N and S : it is necessary to shield the part 

of the tube through which the discharge is passing from the 

magnetic field; if this were not done the discharge would be so 

much affected by the magnet that trustworthy observations 

would impossible; the tube w'as shielded by surrounding 

it with thick sheets of soft iron. The electrostatic field was 

produced betw’een two parallel metal plates which were con¬ 

nected with the terminals of a voltaic battery. When the 

magnetic and electric fields were acting, the round spot of 

phosphorescence due to the positive rays coming through the 

hole in the cathode was drawn out into a straight band. Since 

the band was straight the velocities of the different particles 

producing it would all be the same; the values of e/m for 

these particles w^ould, however, all be different. When the 

tute was filled with hydrogen, Wien found that the value of 

e/m for the most deflected portion was 7545, the value of e/m 

for a charged atom of hydrogen in the electrolysis of water is 

10,OCX). In his first set of experiments Wien found that on 

filling the tube with oxygen the value of e/m for the most de- 

Sectible rays was 9800 in one experiment, in later experiments 

after very pure oxygen had flowed through the tube for a long 

time he found on first passing the discharge through the .tube 

very much smaller values of e/m than for hydrogen, but the 

higher values reappeared after the discharge had passed for a 

short time. 

The deflections of these rays by the electric and mag¬ 

netic fields show that they are positively charged particles, 

the values of e/m obtained for these particles show also that 
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they are very much more massive than the particles in the 

cathode rays for which ejin = 17 x 10". The displaced 

particles in this experiment were spread out into a continuous 

straight bandj indicating, according to the theoiy^ of the effect 

of electric and magnetic fields on charged particles, that in the 

positive rays there are particles giving all values of eim from 

zero up to about 10,000. This would imply, assuming that 

the charge on each particle is the same, that the masses of the 

particles vary continuously from a certain value comparable 

with the mass of an atom of hydrogen up to a value which is 

very large in comparison with this mass. This continuous 

variation in the value of ehn is contrary to what might be ex¬ 

pected, for, from the molecular theory of gases, the masses 

available in the gas would not vary continuously but would 

increase by finite steps, the smallest step being the mass of the 

atom of hydrogen : again the results of many different lines of 

investigation lead to the conclusion that e like m does not vary 

continuously, but that all electrical charges are multiples of a 

unit charge whose value in electrostatic measure is 4*8 x 10 ' 

Again it would appear from the uniformity of the luminosity 

produced by the displaced positive rays that there is no special 

kind of atom which is predominant among these rays. For if 

there had been a great excess of particles of one kind, these 

would have produced a very bright spot on the glass if they 

had all been moving with the same velocity, or a bright arc of 

a parabola if they had been moving with varying velocities. 

The experiments which I will now describe, which I made in 

1906, show that the discrepancies between the theory and the 

experiments are due to the pressure of the gas in the discharge 

tube in Wien’s experiments having been so high that the 

particles forming the positive rays collided with the molecules 

of the gas whilst they were passing through the electric and 

magnetic fields. The effect of these collisions is to ionize the 



gas 50 that the gas through which the positive rays have to 

pass !5 f ii!l of charged particles, some charged with positive 

others with iiegative electricity. The result of the presence 

of this electrification is that some of the positive ray particles 

which were charged before they entered the electric and 

magnetic fields have their charges neutralized before they pass 

through them, and thus do not experience the full deflection. 

On the other hand others which had got neutralized before 

they entered the field strike against a corpuscle or atom and 

get ionized by the collisioiij losing a negative corpuscle. In 

this way they acquire a positive charge in the field and are 

deflected by an amount which depends upon the stage in their 

journey at which they picked up the charge. Thus the 

quantities we denoted by A and B (see page 12) vary from 

particle to particle, and the values of ejm cannot be obtained 

from equations of the type (3) and (4) where A and B are cal¬ 

culated on the supposition that the particles are charged for the 

whole of the time they are between the poles of the magnet 

and the plates of the condenser. 

In my first experiments ^ on this subject the arrangement 

was as follows: The cathode K (Fig. 6) had a hole bored through 

^ J. J. Thomson, “ Phil. Mag.,” VI, xiii, p. 561. 
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it and in this hole a tube F with a ven^ fine bore was firmly 

fixed ; it is essential to the success of the experiment that the 

bore of the tube should be exceedingly fine so as to get a small^ 

well-defined patch when the positive rays strike the screen, S. 

This was a flat glass plate uniformly covered with powdered 

willemite which phosphoresces much more brightly than glass 

when struck by the rays. and X are the poles of the electro¬ 

magnet, and Pi P2 the parallel metal plates used to produce 

the magnetic and electric fields respectively; /,/, W,W are 

Fig. 7. Fig. 8. 

sheets of soft iron to screen the discharge taken from the 

magnetic field due to the electromagnet 

The effect observed on the screen depends to a very great 

extent upon the pressure of the gas in the tube; when this was 

not exceedingly low, the phosphorescence under the action of 

the magnetic and electric fields was drawn out into two con¬ 

tinuous straight bands as in Fig. 7. The value of e/m for the 

most deflected portion of the band was 10^, for that of band 

5 X 10^. These correspond to the values of e/m for the atom 

and molecule of hydrogen respectively, suggesting that the 

one band is due to hydrogen atoms, the other to hydrogen 
2 
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molecules. When the tube contains helium there are three 

bands to be seen as in Fig. 8. The values of elm at the tips of 

these bands are respectively lO^ 5 x lo^ 2 . S x lo^, indicating 

that we have here again bands due to the atom and molecule of 

hydrogen, and in addition a new one due to atoms of helium, 

for (as the atomic weight of helium is 4) elm for the helium atom 

is one quarter of that for the hydrogen atom. It is remarkable 

that the slope of these bands, and therefore, by page 12, the 

velocity of the particles, varies little if at all with the potential 

difference between the anode and cathode of the discharge tube. 

This |X}tential difference may be increased three or four times 

without producing any appreciable effect upon the slope of the 

bands of phosphorescence. When air is in the tube, the ap¬ 

pearances of the bands is much the same as when the tube con¬ 

tains hydrogen, though the phosphorescence is not so bright. 

The most conspicuous things on the screen in this case are the 

two bands corresponding to the atom and molecule of hydrogen 

respectively. 

In addition to the two bands deflected in the direction in¬ 

dicating a positive charge on the particles, there is another 

fainter band deflected in the opposite direction which must 

therefore be due to particles with a negative charge. The value 

of elm for the tip of this band is 10^, thus these negative 

particles are not cathode rays for which elm is 1*7 x 10^, but 

have a mass equal to that of an atom of hydrogen. The 

existence of particles deflected in the opposite direction to 

that of the majority of the particles had also been observed 

by Wien. 

EFFECT AT VERY LOW PRESSURES. 

When the pressure is reduced to as low a value as is 

fx>ssible the appearance of the luminosity on the screen 
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entirely changes. At these low pressures it is exceedingly 

difficult to get the discharge to pass through tubes of 

moderate size when the cathodes are made of aluminium or 

any of the metals ordinarily used for this purpose, and there is 

great danger of sparks passing through the glass and breaking 

the tube. This can be avoided to a great extent hy facing 

the cathode with a thin layer of calcium, or smearing the face 

of the cathode with the liquid alloy of sodium and potassium. 

This reduces considerably the difficulty of getting the dis¬ 

charge to pass and diminishes the risk of perforating the tube. 

The appearance at these low pressures when hydrogen or air 

is in the tube is shown in Fig. 9. It will be noticed that the 

straight bands of phosphorescence have 

almost disappeared and that most of 

phosphorescent light is concentrated into 

two parabolic curves which are connected 

with the undeflected spot by straight faintly 

luminous lines. The value of ehn for one 

parabola is lO^, that for the other 5 x 10^ 

so that they are due to the atom and 

molecule of * hydrogen respectively. At 

these low pressures the luminosity in the negative direction 

disappears. But both at the low and higher pressure there 

is, even when the magnetic and electric fields are in action, 

an appreciable amount of luminosity at the position occupied 

by the undeflected spot 

There is considerable advantage in using very large glass 

vessels for the discharge tubes when studying positive rays; 

with large vessels the pressure can be made very small before 

the tube offers great resistance to the passage of the discharge 

through it. The increase in the difficulty of getting the 

discharge to pass comes in at the pressure when the dark 

space round the cathode reaches the walls of the tube. When 

Fig, g. 
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the tube is big the walls are far away from the cathode and 

the pressure has to be exceedingly low before the dark space 

reaches the sides of the tube. We can work with much lower 

pressures with these large tubes and therefore reduce the ob¬ 

struction which the positive rays meet with in their passage 

from the cathode to the screen. Using vessels of about 2 

litres capacity I have observed^ on a willemite screen the 

paralx>las corresponding to carbon, oxygen, neon, and mercury 

vapour as well as those corresponding to the atom and 

molecule of hydrogen and the atom of helium. The photo¬ 

graphic plate is, however, for most purposes a much more 

convenient detector than a willemite screen. It is more sensi¬ 

tive, it gives a permanent record, and measurements can be 

made with much greater accuracy on the plate than they can 

on the screen. Before entering into the discussion of the 

theory of the positive rays it is desirable to describe the 

results obtained with the photographic method, as well as the 

experimental details by which these results have been pro¬ 

cured. 

The apparatus now in use at the Cavendish Laboratory is 

represented in Fig. lo. The discharge takes place in a large 

• J- J. Thomson, “ PhU. Mag.,” VI, xx, p. 752, 1910. 
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glass flask A : a volume of from one to two litres is a convenient 

size for this purpose. The cathode C is placed in the neck of 

the flask. The position of the front of the cathode has a very 

considerable influence on the brightness of the positive rays and 

ought to be carefully attended to. The best position seems 

to be when the front of the cathode is flush with the prolonga¬ 

tion of the wider portion of the flask. The shape of the 

cathode is represented in section in Fig. 11 : the face of the 

cathode is made of aluminium, the other portion is soft iron. 

A hole is bored right through the cathode to admit the fine 

tube through which the positive rays are to pass. Care should 

be taken to bore this hole so that its axis is the axis of sym¬ 

metry of the cathode. The tube through which the positive 

Fig. II. 

rays pass is fastened into the cathode in the way shown in 

Fig. II. 

The bore of this tube will vary with the object of the ex¬ 

periment If very accurate measurements are required, the 

diameter of the tube must be reduced to *1 mm. or less. With 

these very fine tubes, however, very long exposures (i-| to 

2 hours) are necessary. The length of the tube is about 7 cm. 

The tubes are prepared by drawing out very fine bore copper 

tubing until the bore is reduced to the desired size. The tube 

is straightened by rolling it between two plane surfaces, and 

great care must be taken to get the tube accurately straight, 

as the most frequent cause of dimness in the positive rays is 

the crookedness of the tube. After long use the end of the 

tube nearest the discharge tube gets pulverized by the impact 

of the positive rays, and the metallic dust sometimes silts up 
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the tube and prevents the rays getting through. The cathode 

is fastened in the glass vessel by a little sealing-wax, and a 

similar joint unites it to the ebonite box, UV. To keep the 

joints cool and prevent any vapour coming from the wax, the 

joints are surrounded by a water jacket J through which a 

stream of cold water circulates. 

The electric field is produced between the faces of L and M 

which are pieces of soft iron with plane faces. These are fitted 

into the ebonite box UV so that their faces are parallel; the 

distance between the faces should be small compared with their 

lengths. In many of the experiments described subsequently 

the length of the faces was 3 cm. and their distance apart 

1*5 mm. Their faces are connected with the terminals of a 

battery of small storage cells: in this way any required differ¬ 

ence of potential can be maintained between them. 

These pieces of soft iron practically form the poles of an 

electromagnetic, for the poles of the electromagnet P and Q 

are made of soft iron of the same cross section as L,M ; they 

fit into indentations in the outside of the ebonite box and are 

only separated from the pieces L,M, by the thin flat pieces of 

ebonite which form the walls of the box. This arrangement 

makes the magnetic field as nearly coterminous as possible with 

the electric, which is desirable in several of the experiments. 

A conical glass vessel F 40 cm. long is fastened by wax to 

the ebonite box while the other end is fixed to the apparatus 

which contains the photographic plate. One form of this, de¬ 

signed by Mr. Aston, is represented in Fig. 12. The photo¬ 

graphic plate is suspended by a silk thread wound round a tap 

T which fits into a ground glass joint; by turning the tap the 

thread can be rolled or unrolled and the plate lifted up or let 

down. The plate slid^ in a vertical box B made of thin metal; 

this is light tight except at the openings A which are placed 

^ that the positive rays can pass through them. The open- 



ings are on both sides of the box and about 5 cm. in dia¬ 

meter. When the silk thread is wound up the strip DEFG of 

photographic plate in the 

box is above the opening ^ r* 

A, so that there is a free f 

way for the rays to pass 

through A and fall on a j I 
willemite screen behind ‘f 

it. This screen is not | 

used for purposes of . I j 

measurement, but only ^ 

to see before taking the I !| i 
1 ; i’ 

photograph that the tube | j 

is giving an adequate | i! 
I 

supply of positive rays. pj | jj 

The box is sufficiently j\^ Ij q 

large to hold a film long ‘ " J I A 

enough for two or more T] “L 

photographs ; if it is | i 

wished to take two f ^ 

photographs, the plate | 

is lowered until the bot- y I 

tom half comes opposite I j 

to the opening A, a ‘ | 

photograph is taken in 11 \ A y 

this position, the plate ! j 

is then let down still 

further until the top half 

of the plate comes oppo¬ 

site to the opening, then 

a second photograph is 

taken. This plan is convenient because the deflections of 

the different kinds of positive rays differ so much that it is 



difficult to measure them accurately when they are all on 

one plate. For example the magnetic deflection of the 

hydrogen atoms is about fourteen times that of the mercury 

one, thus if the deflection of the hydrogen atom is within the 

limits of the plate, that of the mercury atom would be too small 

to m^sure accurately. When we can take two photographs, 

however, without opening the tube, we may take one with a 

small magnetic field to get the deflection of the hydrogen 

Fig. 13. 

atom, and the second with a much larger one to get the de¬ 

flection of the mercury one. 

Two tub^ containing coco-nut charcoal are fused to this 

part of the apparatus; by immersing these in liquid air the 

pressure can be made exceedingly small As the only com¬ 

munication t^tween this part of the apparatus and that 

through which the discharge passes is through the long and 

very narrow tut^ in the cathode, it is possible to have the 

pr^sure on the camera side of the apparatus very much less 

than the pr^sure on the side through which the discharge is 

pa^ng. 
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A Gaede pump worked by a motor is connected with the 

discharge tube, and keeps the pressure in this part of the ap¬ 

paratus at a suitable value. When the rays in some particular 

gas are under examination a constant stream of this gas is 

kept flowing through the discharge tube. The gas is stored 

in the vessel A, Fig. 13, over a column of mercury : this vessel 

is connected with the discharge tube by the system shown in 

Fig. 13, where BC is an exceedingly fine capillary tube. 

When the tap T is turned the gas has to pass through this 

capillaiy: it does so exceedingly slowly. The rate can be 

adjusted by raising or lowering a mercury reservoir connected 

with A, this is held in such a position that when the Gaede 

pump is in action the pressure in the discharge tube is such as 

to give well developed positive rays. To screen off the magnetic 

field due to the electromagnet, thick iron plates V,W, Fig. 10, 

are placed round the neck of the tube. 

The curves on the photographic plates made by the 

positive particles are measured by the apparatus represented 

in Fig. 14. The photographic plate is clamped in a holder A, 

and the position of any point on it is determined by moving 
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the carrier C until the tip of the needle NX comes just over 

the point in question. The carrier C has two movements, one 

parallel to the base BB, and the other, by means of the screw 

S, at right angles to this direction, the position of the point is 

read off on the two verniers. The plate is placed in the 

holder so that the direction of the magnetic deflection is 

parallel and that of the electrostatic deflection, at right angles, 

to BB. 

DISCUSSION OF THE PHOTOGRAPHS. 

The appearance of a typical photograph produced by the 

impact of the cathode rays on the plate when the pressure on 

the camera side of the apparatus is reduced to about *001 mm. 

of mercur}’ is shown in Fig. 15, Plate 1. In this and the 

following figures the deflection due to the magnetic field is 

vertical, while that due to the electrostatic field is horizontal. 

It will be seen that the curves on the plate are of two 

different types. 

I. A series of separate parabolic arcs, often of consider¬ 

able length. From the theory given on page 13 it will be 

seen that each of these parabolas arises from particles having 

the same value of ejm, and that these particles have retained 

this charge throughout the whole of the journey through the 

electric and magnetic fields. As the velocity of a particle is 

by equation (3), p. 12 proportional to the tangent of the angle 

which the line joining the origin to the point where the particle 

hits the screen makes with the horizontal, it follows that there 

is a considerable range of velocities among the particles having 

the same value of ejm. In many cases we have velocities 

among the same kind of particles differing as much as to make 

the velocity of the slowest ones less than one fifth that of the 

fastest. In some cases the parabolas are of fairly uniform 

intensity along the whole of their length. In others as in that 



Fig. 17. Fig. 19. 
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shown in Fig. i6, Plate L, the head of the parabola (the part 

least deflected) is considerably brighter than the rest of the 

curve, while sometimes, as in the case represented in Fig. 17, 

Plate L, there are several spots of maximum luminosity dotted 

along the parabolic arc. 

With some exceptions (to be considered later) the heads of 

all the parabolas are in the same vertical line, showing that the 

minimum electrostatic deflection suffered by the particles which 

produce these curves is the same for all the different kinds of 

particles. By equation (2) page 12 the electrostatic deflec¬ 

tion is proportional to elnrir. If the energy of the particles is 

due to the fall of the charge through a potential difference V 

== V. ^ 

€ 
so that-- = I /2V. Hence as the minimum electrostatic de« 

mv- 

flection is the same for all the particles, we conclude that the 

maximum potential through which the various particles have 

fallen is the same for all particles. It is natural to conclude 

that this maximum potential is the difference of potential be¬ 

tween the anode and cathode of the discharge tube. It is 

easy to verify that when the pressure is altered so as to in¬ 

crease this difference of potential 1 the deflection of the heads of 

the parabolas diminishes. 

2. Besides the parabolas there are on the plate a series of 

straight lines connecting the parabolas with the origin. These 

are due, I think, to particles which have been charged dur¬ 

ing a part only of their passage through the electric and 

magnetic fields. This might happen in two ways. A particle 

which had got neutralized before reaching these fields might, 

while passing through them, come into collison with a corpuscle, 

get ionized, and acquire a positive charge, and during the rest 

of its > journey be deflected by the electric and magnetic forces. 

Or again a particle might be positively charged when it 
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entered the fields, attract a corpuscle whilst in them, get 

neutralized, and for the rest of its journey be free from electric 

and magnetic deflections. This view of the origin of these 

lines seems to me to be proved by the following experiments. 

As on this view these lines are due to particles which are 

charged or discharged in the electric and magnetic fields ; their 

intensity, as compared with that of-the parabolas, ought to 

diminish if the length of these fields is reduced. To test this 

I took a photograph with a tube when the lengths of the 

electric and magnetic fields were reduced to i mm., the in¬ 

tensity of the fields being increased in proportion so as to get 

deflections comparable with those in the longer fields. With 

this very short field the straight lines disappeared, and nothing 

except the parabolas and the undeflected central spot was to 

seen on the photographic plate. 

Another way of testing this view is to use magnetic and 

electric fields, which are not coterminous. Let us suppose for 

example that the magnetic field stretches beyond the electric, 

on the camera side. There will be a part of the field where the 

particles are exposed to magnetic but not to electric forces. 

If a neutralized particle gets ionized in this r^ion, it will ex¬ 

perience magnetic, i.e. vertical deflection but no electrostatic 

or horizontal deflection. Thus with a field of this kind we should 

expect the line due to particles which acquired their charge 

whilst in the electric field to have the shape shown in Fig. 18. 

The straight vertical stem near the origin is due to the 

particle ionized beyond the electric field, a piece running up 

to join the parabola to those ionized inside this field, the 

portion close to the parabola being due to particles which get 

ionizai almost as soon as they enter the fields. Photographs 

taken with the magnetic field overlapping the electrostatic 

show this effect veiy plainly; one of them is reproduced in 

Fig. 19, Plate L, another in Fig. 25, Plate IL 
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Let us now consider the case of the charged particles which 

get neutralized while passing through the field. The part of 

the line near the origin will be due to particles which get 

neutralised almost as soon as they enter the field. We have 

supposed that the magnet was moved towards the camera so 

that its field overlapped the electric on that side. This will 

tend to make the electric field overlap the magnetic on the other 

side, i.e. the side nearest the cathode, so that when a particle 

first enters the field its deflection is mainly due to the electro¬ 

static force and is therefore horizontal; thus a particle which 

gets neutralized at the early stages of its journey through the 

Fig. 18. Fig. 20. 

fields will have a horizontal displacement abnormally large 

compared with the vertical; so that the curves produced on the 

photographic plate by the particles which get neutralized will 

have a shape something like that shown in Fig. 20. We see 

that with these overlapping fields we can distinguish between 

the lines which are due to particles which have gained a charge 

in their journey and those which have lost one. The concavi¬ 

ties of the two curves are in opposite directions. These two 

sets of lines are very prominent in photographs taken with 

apparatus in which care has not been taken to make the fields 

coterminous; an example of this is shown in Fig. 19, Plate I. 
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if the fields are coterminous and uniform the two curves 

coincide and are straight lines passing through the origin. 

The gain or loss of the charge on the particles in the 

liorsitive rays is shown ver\’ directly by the following experi¬ 

ments : * The positive rays were produced in a tube made so 

as to allow room for two electromagnets A and B, Fig. 21, to 

1:^ inserted between the cathode C and the willemite screen S. 

The magnets were placed so that the magnetic field due to the 

one nearest the cathode was horizontal and the deflection due 

to it therefore vertical while the field due to the magnet next 

the screen was vertical and the deflection due to it horizontal. 

Fig. 21. 

The deflections due to the two magnets could thus be separ¬ 

ated and measured independently. The effects observed when 

the magnets were applied separately and then in succession are 

interesting. A typical case is represented in Fig. 22. 

Fig. 22 id) represents the appearance of the screen when 

the electromagnet next the cathode is the only one in action : 

a is the position of the undeflected spot, b that of the deflected. 

a and b are connected together by a straight band of lumi¬ 

nosity; the luminous streak above a is due to negatively 

charged particles. Fig. 22 {h) represents the appearance when 

J. J. Thomson, “ Phil. Mag.,” VI, xvni, p. 824, 1910. 
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both magnets are on. If there had been no loss or gain of 

charge the only effect of the second field would be to remove the 

spot b horizontally to another place b\ and we should have only 

two spots visible a and b\ see that as a matter of fact there 

are four spots a, a\ b, U on the screen, as well as considerable 

luminosity over the rectangle with these points as coniers. 

Let us consider these spots in succession : U has experienced 

the full horizontal as well as the full vertical deflection : it is 

© 

If; 

therefore produced by particles which have retained their 

charge whilst passing through both magnetic fields. Let us 

now take b: this spot has the maximum vertical deflection but 

no horizontal deflection. Thus the particles producing this spot 

must have been charged all the time they were in the field of 

the electromagnet A, but have lost their charge before reach¬ 

ing the field of the electromagnet B. This is an example of a 

particle losing a charge on its way down the tube. Now con¬ 

sider the spot this has not been deflected vertically at all, 
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therefore it must be due to particles which were uncharged 

when they were passing the first magnet A. On the other hand 

it has experienced the full horizontal deflection, showing that 

the particle most have acquired a charge before reaching the 

second magnet B. This is an example of particle acquiring a 

charge during its path. The appearance of the luminosity 

due to the negatively charged particles shows that these, too, 

gain and lose negative charges in their passage down the 

tube. 

WTien we reduce the pressure to the lowest value we can 

reach by the use of charcoal and liquid air, then with the 

magnet A on alone we have the spots a and Fig. 22. There 

is no luminosity between them and no luminosity above a, 

'while, when both magnets are on, we have merely the spots a 

and ¥ ; b and d have disappeared along with the luminosity 

inside the rectangle. 

We shall call the lines we have just been considering 

secondary lines, the parabolic arcs primary lines. 

It is important to point out that the collision which 

ionizes a neutral particle and gives it a positive charge must 

be a collision with a corpuscle and not with a molecule of the 

gas through which the positive rays are passing ; for the 

mass of a molecule of the gas is comparable with that of the 

positive ray particle, hence a collision between the two would 

result in the particle losing an appreciable fraction of its 

energy and being deflected through a considerable angle. 

The appearance and inclination of the secondary lines show 

that the particles suffer little diminution in velocity in these 

encounters and no appreciable change in direction, hence we 

conclude that the system with which the particle collides must 

have a much smaller mass than the particle, i.e. it must be a 

corpuscle and not a molecule. 

The secondary curves finally join the parabolic arcs pro- 
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duced by the particles which have been charged during the 

whole of their journey. If the junction occurs at a consider¬ 

able distance from the head of the primaiy-, care has to be 

taken in some cases to avoid confusing the secondaries with 

primaries corresponding to a different value of ehn. Thus, for 

example, if the shape of the secondar}?- and primaiy’- were 

a. h. 
Fig. 23. 

similar to that shown in Fig. 23^, and the point of junction 

came off the plate, the appearance on the plate would be that 

represented in Fig. 23.^, and the secondary might be mistaken 

for a primary with a value of ejm less than the true value. If 

the magnetic field overlapped the electric field on the camera 

Fig. 24. 

side of the apparatus, the primary and secondary would re¬ 

semble Fig. 23<2, and if the right hand part were off the plate, 

the curves would look like Fig. 24^ and the secondary might be 

mistaken for a primary with a value of ejm greater than the 

true value This possible confusion of a secondary with a 

primary line is a point which requires careful attention when 

3 
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the cun’es produced by the positive rays are used to identify 

the gases in the discharge tube; for this purpose the primary 

curves are the only ones that can be relied upon. The tests 

for a primary line are (i) that it is parabolic, (2) that it shows 

an abrupt increase in intensity at a point in the same vertical 

line as the heads of the other parabolas. The first condition 

is theoretically sufficient, but when only short arcs are avail¬ 

able, it is often difficult, unless a very high degree of accuracy is 

obtained in the measurement of these lines, to tell whether the 

curve is or is not a parabola. 

A very interesting feature about these secondary lines is 

that the velocity of the particles which produce them is practi¬ 

cally independent of the strength of the electric field in the 

discharge tube. When, as a result of a change in pressure, the 

potential difference between the anode and cathode increases, 

the velocity of the particles which produce the primary curves 

increases also. The speed of the particles which give rise to the 

secondaiy^ curves on the other hand is little if at all affected. 

A little consideration will show, however, that this is what 

we might expect from the theory given on page 28. The 

secondaries are supposed to be due to particles which have 

gained or lost a charge whilst passing through the electric and 

magnetic fields. Let us consider firstly the case of the particles 

which have gained a charge : they must have done so by com¬ 

ing into collision when moving at a high speed with a corpuscle 

which, as it is in the space behind the cathode where there is 

no electric field, will be approximately at rest. The effects of 

the collision will, however, clearly depend only on the relative 

motion of the particle and corpuscle, and will be the same as 

if the particle were at rest and the corpuscle moving with the 

velocity of the particle. Now in order that a moving corpuscle 

may ionize an atom or molecule against which it strikes, the 

velocity of the corpu^le must exceed a certain value which 
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recent researches show depends to some extent on the nature 

of the atom or molecule. Let us call this limiting velocity for 

a particular kind of atom V; then in order that an uncharged 

atom of this kind should be ionized when it strikes a corpuscle at 

rest it must move with a velocit}’ greater than V : hence all the 

secondary rays of this kind formed by these atoms must have 

a velocity greater than V. There is thus an inferior limit to 

the velocity of the secondaiy^ rays and this limit depends on 

the kind of atom which produces these rays. There must, 

however, be a superior limit to this velocity as well as an in¬ 

ferior one, for these rays are due to particles which move with 

great velocity and yet can have lost their charge. To have ac¬ 

quired this velocity^ they must have been positively charged be¬ 

fore passing through the cathode or they would not have been 

acted upon by the electric forces in the discharge tube : and as 

they are uncharged when they reach the magnetic field they must 

have got neutralized by combining with a negative corpuscle 

in the inteiv^al. Now a positively electrified particle moving 

rapidly past a corpuscle could not attract and hold fast the 

corpuscle if the relative velocity of the particle and corpuscle 

exceeded a certain value. This velocity is evidently de¬ 

termined by the condition that it is the velocity with which 

a corpuscle must be moving when it has just sufficient energy 

to escape from the surface of a positively electrified particle 

at rest We should expect the work required to separate 

a corpuscle from the surface of a positively electrified particle 

to be of the same order as that required to ionize the particle 

when neutral, and this -work is equal to the kinetic energy 

of a particle moving with a velocity V. Thus if the velocity 

of the particle were appreciably, greater than V a positively 

charged particle would not get neutralized, while if the 

velocity of the neutral particle were appreciably less than 

^ Franck and Hertz, “ Verhand. d. D. Phys. Ges.,” 15, 34, 1913. 

3 * 
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Y it would not get ionized. Hence the velocity of the 

secondaries we are considering must be very approximately 

equal to V, a velocity which depends only on the nature of 

the particle and not on the potential difference applied to the 

discharged tube. This accounts for the fact that the velocities 

of the particles forming the secondary rays are independent of 

the potential difference between the anode and cathode. 

We can by the method described on page I2 measure the 

\'elocit>" of the particles in the secondary rays corresponding 

to any atom and hence determine V, the smallest velocity 

which a corpuscle can have if it is to be able to ionize the atom. 

When this method is applied to the secondary rays connected 

with, the hydrogen atom we find that V is about 2 x i cm./sec. 

This velocity would be acquired by a corpuscle if it fell through 

a potential difference of 11 volts. Hence we may take 11 volts 

as the measure of the energy required to ionize an atom of 

hydrogen. 

To give to the atom of hydrogen this velocity requires a 

potential difference of ii x 1*78 x volts (taking e/m 

for the corpuscle to be 1*78 x 'lo" and for the atom 10^), this 

is about 20j000 volts. If it required the same energy to ionize 

an atom of oxygen as one of hydrogen, V would be the same 

for oxygen as for hydrogen. To give an atom of oxygen this 

velocity would require a potential difference of 16 x 20,000, or 

3 20,OCX) volts, a much greater potential difference than we 

usually apply to the discharge tubes. Thus we see that we can¬ 

not expect any except the lighter gases such as hydrogen or 

helium to show secondaries of the type we are considering. 

There is, however, another type of secondary—that due to 

imrtic!^ which enter the magnetic field in a charged state and 

lose tl^ir charge before emerging from it: this type of second¬ 

ary, since it ari^s from the combination of a positively charged 

particle with a negatively charged corpuscle, might be expected 
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to occur with slowly moving particles more readily than with 

fast ones ; a particle moving faster than a certain speed would 

not combine with a negative corpuscle, so that there would be 

a superior limit to the speed of the particles in secondary rays 

of this kind. There does not, however, seem to be any reason 

why there should be an inferior limit to the velocity, provided 

the slow particles have managed to retain their charges up to 

the beginning of the magnetic field, and as a matter of fact 

this type of secondary often show's itself, as in Fig. 25, Plate IL, 

as the limit of a patch of fogging on the photographic plate 

rather than as a sharply defined line. There are, how'ever, 

cases notable with the mercury lines, when this type of 

secondary is more sharply defined than w^e should expect, 

since there are among the particles w'hich produce the primary 

parabolas some with a smaller velocity than can be detected 

in the secondaries of this type. 

The question arises whether the corpuscles which produce 

the secondaries by neutralizing a positively charged particle 

or ionizing a neutral one are free, or are those bound up in 

the molecules of the gas through which the positive rays are 

travelling. There are several reasons for thinking that the 

latter hypothesis is the more probable one. 

For if the corpuscles which neutralize the positive particles 

are free they should be removed by a strong electric field 

which ought therefore to diminish the brightness of the 

secondaries. I have, however, never been able to detect an 

effect of this kind. 

i\gain if free corpuscles were those which neutralized the 

positively charged particles, the distance such a particle would 

travel before it got neutralized would depend only upon the 

density of the free corpuscles. Now this density depends 

upon the amount of ionization produced by the positive rays 

after they have passed through the cathode; this will vary 
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with the number of these rays as well as with the pressure 

and nature of the gas through which they travel. Conse¬ 

quently the distance a positive particle has to travel before it 

gets neutralized will depend upon other things besides the 

pressure and character of the gas, and will not therefore have 

a veiy close connexion with the free path of a molecule of 

this gas. Wien ^ who has made a very complete study of the 

distance a charged particle travels before it gets neutralized 

finds that it is of the same order of magnitude as this free 

path and does not depend upon the number of free corpuscles. 

This is in favour of the view that the corpuscles which 

neutralize the positive particles are not free, the process of 

neutralization seems to be that the positive particles move 

through the molecules of the gas and pluck out of them the 

corpuscles required for neutralization. 

Again, we conclude for similar reasons that the corpuscles 

which ionize a neutral particle are not free but bound up in 

the molecules of the gas through which the positive rays pass. 

These rays, like the a particles, seem to be able to pass 

right through molecules, and Konigsberger and Kutschewski - 

have shown that when moving through a gas they suffer little 

diminution in velocity until they are nearly at the end of their 

path. If the corpuscles which neutralize the positive particles 

are not free but are in the molecules of the gas through which 

these particles are passing, we can understand why there is a 

lower as well as an upper limit to the velocity of the particles 

which give rise to the secondaries due to particles which 

have been neutralized while passing through the electric and 

magnetic fields. For on this view the particle before it can 

neutralized has to detach a corpuscle from an atom or 

1W. Wien, Berlin, “ Sitzungsbeiidite,” July, igir. 

® Konigsberger and Kutschewski, Heidelberg, “ Sitzungsberichte,” Jan., 
1912; “Ann. der Phys.,’' 38, p. 161. 
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molecule. To do this requires the expenditure of a definite 

amount of work which has to be done on the corpuscle by the 

particle. The energy communicated to the corpuscle depends 

on the velocit}” of the particlej and unless this velocity reaches 

a definite value the corpuscle will not get enough energy to 

escape from the molecule and will thus be unable to neutralize 

the particle. 

NEGATIVELY CHARGED PARTICLES. 

We have already seen (p. i8) that besides the particles 

which carr>' a positive charge of electricity there are others 

which carry a negative one. These negatively charged 

particles show many analogies wdth the particles which produce 

the secondary rays we have been considering. Like them they 

are particles which have changed their condition after passing 

through the cathode. Before passing through the cathode 

they were positively charged and they owe the high velocity 

they possess to the action on this charge of the electric field in 

front of the cathode. After passing through the cathode they 

get neutralized and then attract to themselves a negatively 

electrified corpuscle which gives them a negative charge. The 

attraction which brings the corpuscle and the particle together 

is the attraction between a neutral particle and a corpuscle. 

We may imagine that this attraction is the result of electrostatic 

induction between the charge on the corpuscle and the 

particle. The magnitude of this attraction will depend upon 

how nearly the particle behaves like a conductor of electricity, 

or perhaps more accurately like a body of very great specific 

inductive capacity. The greater the specific inductive capacity 

the greater the attraction, while if the specific inductive capacity 

is the same as that of the surrounding medium there will be 

no attraction at all. It is not surprising therefore to find 
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that different kinds of atoms and molecules differ very greatly 

in their power of acquiring a negative charge. With two 

or three exceptions to be mentioned later I have never 

found molecules with a negative charge, though molecules 

with positive charges are quite common. The exceptions 

are the molecules of oxygen, carbon, and, though very 

rarely, hydrogen, and the hydroxyl radicle. It will be 

noticed that these are elements or radicles, and I have 

not met with any case when the molecule of a compound 

has been found with a n^ative charge, though they are 

found readily enough with positive charges. I do not mean 

by this that it is impossible to give a negative charge to a 

molecule of a compound gas when it is electrically neutral, 

but merely that the attraction between such a molecule and a 

negatively electrified corpuscle is so feeble that it is not 

sufficient to enable the molecule to keep a permanent hold 

on the corpuscle when it sweeps past it with the velocity with 

which these molecules move in experiments with the positive 

rays. 

There are some atoms also which I have never observed 

with a negative charge even when large quantities of them 

with positive charges were coming through the hole in the 

cathode. The atoms of helium, nitrogen, neon, argon, krypton, 

xenon, and mercury belong to this type. On the other hand 

negatively charged atoms of hydrogen, carbon, and oxygen are 

found in almost every tube where the pressure is not too low, 

the negatively charged oxygen atom being specially prominent 

If chlorine or any of its gaseous compounds are present in the 

tube, negatively charged chlorine atoms are conspicuous. The 

brightn^s of the lines due to the negatively charged particles, 

as compared with that of those due to the positive ones, in¬ 

crease rapidly as the pressure increases. At fairly high pres¬ 

sures I have seen the lines due to n^atively charged hydrogen 
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atoms quite comparable"in intensity with those due to the posi¬ 

tive ones. 

Though in one sense all the lines due to negatively charged 

particles are secondaries they show differences amongst them¬ 

selves corresponding to the difference between the primaiy” and 

secondary positive lines. Some of the negative lines like the 

positive secondaries come close up to the origin, while there 

are others which, like the primary positives, are finite arcs of 

parabolas, terminating abruptly when they approach within 

a certain distance of the vertical axis. Indeed the lines on the 

negative side are frequently exact reproductions in shape and 

size of the corresponding lines on the positive. An example of 

this is shown in Fig. 26, Plate 11., where the curves a and ^ are 

the lines corresponding respectively to the positively and nega¬ 

tively electrified atoms of oxygen when the discharge passed 

through very pure oxygen: it will be seen that every detail in 

the positive curve is reproduced in the negative. This might 

suggest that the positive and negative atoms were the two 

halves of a neutral molecule which divided after passing 

through the cathode. Further consideration, however, shows 

that this view is not tenable, at any rate in the great majority 

of cases. The heads of the negative parabolas, like those of the 

positive, are all on a vertical line and the distance of this line 

from the vertical line through the origin is about the same as the 

corresponding distance for the positive parabolas. From this 

it follows by equation (2) (p. 12) that the maximum value of 

^mv^/e is the same for the negative as for the positive particles 

and equal to the potential difference between the anode and 

cathode of the discharge 'tube. To take a definite case, let us 

suppose that the negatively charged hydrogen atom owes its 

charge to having been in chemical combination with an atom 

of carbon before it passed through the cathode, the molecule 

of the compound being positively charged when in the discharge 
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tobe and acquiring then a high velocity under the electric field. 

After parsing through the cathode the molecule gets neutralized 

and then dissociates into a positively charged carbon atom and 

a n^atively charged hydrogen one. The kinetic energy ac¬ 

quired by the molecule CH^ if it had one charge of electricity, 

would be measured by V, the potential difference between the 

anode and cathode in the discharge tube. Since the mass of 

the carbon atom is twelve times that of the hydrogen one, the 

kinetic energ>^ of the hydrogen atom would correspond to a 

fall of potential so that if this atom went through the 

same electric and magnetic fields as the positively charged 

carbon atom, the horizontal deflection of the hydrogen atom 

would be twelve times that of the carbon one. The photographs 

show, how^ever, that the deflections are equal. Again if the 

negatively electrified oxygen atoms had previously been in 

combination with an atom of hydrogen we should expect that 

the addition of hydrogen to pure oxygen w’ould increase the 

brilliancy of the lines due to negatively electrified oxygen. I 

have never been able to detect any effect of this kind. It is true 

that when some compounds of oxygen are in the tube the nega¬ 

tive lines are brighter than with other compounds. I am 

inclined to think that the exceptional brightness of the lines is 

due to the presence of the hydroxyl radicle and that these excep¬ 

tionally bright lines are OH and not O. The view which seems 

to accord best with the observations is that given on page 40, 

that the negatively electrified atoms are atoms which were 

fx>sitively electrified when in the discharge tube, that they got 

neutralized after passing through the cathode by combining 

with a corpuscle, and in this neutral condition exerted so strong 

an attraction upon a corpuscle that they were able to capture 

it though moving past it with an exceedingly high velocity. 

Taking this view, we can form an estimate of the magnitude 

of the attraction between a neutral atom and a corpuscle. 
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From the measurement of the plates we find that there are 

negatively electrified atoms of hydrogen with a velocity as 

large as 2 x lo^ cm/'sec. This means that a neutral atom of 

hydrogen is able to capture a corpuscle even though it is 

moving past it with this velocity. This capture, however, 

would not take place unless the work required to remove a 

corpuscle from the surface of a neutral atom of hydrogen were 

greater than the kinetic energy of a corpuscle moving with 

the velocity of 2 x lo^ cm./sec. This kinetic energy is equiva¬ 

lent to the fall of the atomic charge through 11 volts; hence 

we see that it must require an ionizing potential of more than 

11 volts to liberate the corpuscle from a negatively electrified 

atom of hydrogen. The same considerations show that to 

liberate the corpuscle from a negatively electrified atom of 

carbon would require at least *9 volts, while for oxygen the 

corresponding ratio would be 7 volts. It must be remem¬ 

bered that these are merely inferior limits: the actual values 

may be much larger. 

As we stated before, it is only some neutral atoms which 

are able to capture corpuscles when moving with the speed of 

the positive rays and only very few molecules are able to do so. 

The nature of the attraction between a neutral atom and an 

electric charge must, if we regard the atom as made up of 

corpuscles and positive charges, depend on the freedom with 

which the corpuscles can move under the field exerted by the 

charge: if they can move readily the force may be considerable. 

If on the other hand they are rigidly connected with the atom 

the force will be very small. A very simple experiment will 

illustrate this point. Suppose we have a considerable number 

of small compass needles with agate caps placed on a disk 

which is suspended from a long string. If we mount the com¬ 

pass needles on needle points fixed to the disk, so that they 

can turn freely, and then hold a magnet near the disk, the disk 
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will be strongly attracted towards the magnet. If we take the 

compass needles off the needle points and lay them on the disk, 

the friction will prevent their rotation relative to the disk. If 

we now' put the magnet in the same position as it was before 

it will be found that the attraction has been very much 

diminished 

Thus we should expect the attraction between a neutral 

atom and a corpuscle to be very much increased by the 

presence in the atom of corpuscles which can move freely re¬ 

latively to the atom. If these freely moving corpuscles are 

those w'hich are near the surface and which give rise to the 

forces which bind the atoms in the molecule together, we can 

readily understand why a neutral molecule should not attract 

a corpuscle as vigorously as a neutral atom. For when two 

atoms in a molecule are held together by the forces w'hich 

they exert on each, the corpuscles in each atom will take up 

definite positions in their atoms, and will resist any displace¬ 

ment, Their mobility will thus be diminished and they will 

therefore not exert much attraction on a charge of electricity 

outside them. We infer that those atoms which like helium 

do not cccur among the positive rays with a negative charge 

have ver>' few free corpuscles. It is remarkable that so far as 

we know the atoms of the monatomic gases never occur with 

a negative charge in these experiments ; this is consistent with 

the preceding theory, for the attraction between tw'O atoms de¬ 

pends on the presence of these mobile corpuscles, and if these 

are few or sluggish the force may be insufficient to keep two 

atoms together. It would, as we have seen, require a strong 

attraction between an atom and a corpuscle to enable the atom 

to capture the corpuscle in experiments like these we are con¬ 

sidering, when the atom moves past the corpuscle with a very 

great velocity. Franck ^ has shown that even when this 

^Franck, “Verhand. d. D. Phys. Ges.” 12, 613, 1910. 
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velocity is comparatively small the atoms of a monatomic gas 

like argon cannot capture a negatively electrified corpuscle, 

I have found two cases in which the molecule has occurred 

with a negative charge, the first of these is carbon. When the 

discharge tube contains such gases as CH45 CO^, CO where 

there are no bonds between two carbon atoms in the molecule, 

we find negatively charged carbon atoms but no negatively 

charged molecules. When, however, we use compounds such as 

acetylene H - C = C - H, 

H\ 

ethylene ethane H—C - C—H , 
H/ \H jj/ 

where, according to the usual interpretation of the constitution 

of these bodies there are bonds between two carbon atoms in the 

molecule, then we find molecules as well as atoms of carbon with 

the negative charge. This is a very interesting result as it shows 

(i) that there are strong forces between two carbon atoms in a 

molecule of the compound, forces strong enough to keep them 

united when the compound molecule is split up; (2) that the 

corpuscles in the constituent atoms of the carbon molecule 

have considerable mobility, i.e. that the pair of carbon atoms 

is not saturated in the sense that a pair of atoms of hydrogen 

or nitrogen are saturated when they form a molecule. These 

conclusions are in good agreement with chemical theory. 

With benzene vapour in the discharge tube I have found, in 

addition to negatively charged atoms or molecules, negatively 

charged triplets containing three carbon atoms. I have some¬ 

times thought that in this case I could see indications of a line 

corresponding to four carbon atoms with a negative charge, 

but the line has always been so exceedingly faint that I cannot 

be sufficiently certain of the accuracy of the measurement to 

be quite sure that it was due to C^. 

The other case in which I have observed a negatively 
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charged molecule is that of oxygen: the negatively charged 

oxygei: atom produces 'vhat in many cases is the strongest 

line on the negative side: the negatively charged oxygen 

molecule is only met with in exceptional cases. The causes 

which determine its appearance have not yet been made out: it 

probably depends on the presence in the tube of some special 

type of carbon compound. It does not seem to occur in 

very carefully purified oxygen. I have found it most frequently 

in oxygen containing a little hydrogen. 

ATOMS CARRYING TWO OR MORE POSITIVE 

CHARGES. 

Though the heads of most of the parabolic arcs are situated in 

the same vertical line, in many cases some of the parabolas, es¬ 

pecially those corresponding to the atoms of oxygen and carbon, 

are prolonged towards the vertical axis. The prolongations 

do not reach right up to this axis but in many cases, as in the 

line a in Fig. 26, Plate IL, w^hich is due to the atom of oxygen, 

stop after going half-way. These prolongations of the para¬ 

bolas are also parabolic and are continuations of the primary 

parabola. They are therefore due to particles which, when they 

are in the deflecting fields, have the same value of ejm as the 

particles which produce the primary parabolas. The fact that 

the smallest horizontal deflection of the prolongation is just 

half that of the corresponding deflection of the primary shows 

(see p. 12) that the swiftest of the particles in the prolonga¬ 

tion has twice the kinetic energy of the swiftestpn the primary. 

Thus these particles when in the electric field in the discharge 

tube acquire twice the kinetic energy of the normal particle ; 

they must therefore when in the discharge tube have had 

twice the normal charge. They must, after passing through 

the cathode and before getting into the deflecting fields, have 
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had their charge reduced to the normal value. For as we 

have seen, the value of ejjn in these fields is normal, hence if 

they have retained the double charge they must have double 

the mass. If, however, they had retained the double charge the 

electrostatic deflection would have been normal: for though the 

kinetic energy is doubled, which halves the deflection for normal 

charge, the charge and therefore the electrostatic deflection for 

given kinetic energy is doubled too, and hence the result 

would be the normal deflection, while the actual deflection is 

only one-half of this. We conclude, therefore, that the pro¬ 

longation is due to particles which had a double charge when 

in the discharge tube, but which have lost one of these charges 

after passing through the cathode. 

It is a strong confirmation of this view that when we find 

these prolongations we generally find on the same plate lines 

having a value of ejm twice that of the prolongation and be¬ 

ginning in the normal place; these are due to particles which 

have retained their double charge after passing through the 

cathode. And conversely when we find these lines corres¬ 

ponding to the double value of ejm we find a tail or prolonga¬ 

tion to the line corresponding to the normal value. This would 

not necessarily be true at pressures so low that the particles 

did not make any collisions after passing through the face of 

the cathode, but I have not been able to reduce the pressure 

to this point. 

The prolongations of the\ parabolas in some cases extend 

much more than half-way to the vertical axis ; this is especially 

the case with the parabola produced by the positively charged 

atom of mercury. Fig, 27, Plate IL, shows that even when the 

electric and magnetic fields are strong enough to produce several 

millimetres deflection in the heads of the parabolas correspond¬ 

ing to the other elements, the head of the mercury parabola is so 

little deflected that at first sight it seems to coincide with the 
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origin When exceedingly large electric fields are used it can 

be seen however, that the head of the mercury parabola is 

distinctly displaced, and on measuring the amount of the de¬ 

flection it is found to be one-eighth of the normal displace¬ 

ment of the heads of the parabolas corresponding to the other 

elements. 

This, as we have seen, implies that the particles which 

produce the head of the parabola corresponding to the atom 

of mercuiy^ must have eight times the maximum amount 

of eiierg}’ possessed by the normal atom; if the theory given 

above is true, this means that some of the mercury atoms 

had, before passing through the cathode, eight times the nor¬ 

mal charge, i.e. had lost eight corpuscles. Eight corpuscles is 

a veiy large number for an atom to lose, so that if in this 

ca^ we can obtain independent evidence of such a loss it 

will be a strong confirmation of the theor}^ 

A study of plates taken with large electrostatic deflections 

has revealed the existence of seven parabolas due to mercury, 

corresponding to the mercury atom with i, 2, 3, 4, 5, 6, 7 

charges respectively. The parabola corresponding to eight 

charges has not been detected, but as the parabolas in general 

get fainter for each additional charge, it is probably on the 

plate although not intense enough to be visible. Fig. 28, 

Plate II., taken from a photograph when the gas in the tube was 

the residual gas left after exhaustion by the Gaede pump, 

shows these lines very well. The measurements of mle for the 

parabolas on this plate give the following value {^ile is taken 

as unity for the atom of hydrogen):— 

mje 

200 200/1 

102 200/2 



m:£ 

Z n* i 3^ 4 

44 this is not a mercury line but is due to CO^ 

39’S 200^ 5 

337 200,6 

28*6 

0
 

0
 

n
 

It will be noticed that the heads of the parabolas corres- 

ponding to i, 2, 3 . . . charges respectively lie on a straight line 

passing through the origin. This shows ^p. 12\ that the par¬ 

ticles which produce these heads are all moving with the same 

velocity, and therefore, since each particle is an atom of mercury, 

that the kinetic energy of the particles at the heads of the 

parabolas is constant This is in agreement with the theory, 

for the heads of all the parabolas are due to particles which be¬ 

fore passing through the cathode had lost eight corpuscles. 

The particles at the head of the parabola corresponding to 

one charge (m'e= 200} has regained seven of these after passing 

through the cathode; the one at the head of the parabola 

corresponding to two charges = 100) has regained six and 

so on ; as the charge on these particles when they were in the 

discharge tube was eight units in each case, they would natur¬ 

ally acquire the same amount of kinetic energy before passing 

through the cathode. 

The question now arises as to how the mercury atom ac¬ 

quires these veiy" various charges. Can an atom of mercury 

when ionized lose any number of corpuscles from one to 

eight, or does it always lose a definite number ? Take for 

example a mercury atom with five positive charges : has it got 

into this condition by losing five charges when it was ionized, 

or did it originally lose the maximum number eight and regain 

three subsequently ? The photographs suggest, I think, that the 

second supposition is the correct one, and that in the discharge 

tube there are two and only two kinds of ionization. By one 

4 
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of these kinds the mercun^ atom loses one corpuscle, by the 

other eight. The evidence for this is as follows : let us suppose 

for a moment that atoms with any charges from one to eight 

were produced by the ionization of the atoms of mercury in the 

discharge tube, and consider what effect this would have on 

the parabolas corresponding to the mercury atom with one 

charge. This would be due to atoms of the following kinds :— 

Ate ms which had lost 
(1) S corpuscles in the discharge tube and regained 7 subsequently. 

(2) 7 6 

Is) ® 5 

and so on : the last member of the series being atoms which 

had lost one corpuscle on ionization and had not regained it. 

The parabola seen on the plate would be due to the super¬ 

position of the eight parabolas due to these different types of 

atoms. The head of each of these parabolas would be separated 

from the head of any of the others : if d were the horizontal de¬ 

flection of the one due to the atom which had only lost one 

corpuscle in the discharge tube, ^/2, dj4., dj^, dj6, d/y, d/S 

would be the horizontal deflection of the heads of the parabolas 

due to the atoms which had lost 2, 3, 4, 5, 6, 7, 8 respectively. 

Thus the resultant parabola would for the part which had a 

horizontal deflection between djS and djj consist only of the 

parabola due to atoms of class (i); the part when the hori¬ 

zontal deflection was between ^nddj6 would consist of two 

parabolas due to the atoms of classes (i) and (2) ; the part with 

the horizontal deflection between djS and dl$ would be made up 

of the three parabolas corresponding to the atoms belonging 

to classes (i), (2), (3), and so on. Thus at the distance djy, dj6, 

d/S> df4j if/3, dj2 and dji we should expect an abrupt increase in 

the brightness of the curve, for at each of these places a new 

parabola is added to the old ones ; the intensity of the curve 

would thus not vary continuously but would have a beaded 
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appearance. The abropt increase in intensity at the distance d 

is veiy” marked in the parabola; it iSj however^ the only one to 

be detected. The intensity of this parabola is very great 

and it might be thought that the charges in the intensity 

might escape detection owing to the breadth of the curve. We 

may, however, apply the same reasoning to the parabolas which 

correspond to mercury atoms with three or four charges which 

are fine and well defined. The intensity of these cun'es is, how¬ 

ever, perfectly continuous and there are no signs of the abrupt 

variations which ought to occur if the mercuiy- atoms in the 

discharge tube had charges intermediate between one and 

eight. This result suggests that the ionization is mainly at 

any rate of two types, in the one type an atom of mercury loses 

a single corpuscle, in the other it loses eight There would thus 

seem to be two different agents producing ionization in the dis¬ 

charge tube. This is in accordance with another effect showm 

by many of the plates; on these plates there are well marked 

differences between the appearance of the lines due to charged 

atoms and those due to charged molecules. These differences 

are of various kinds: for example on the plate reproduced in 

Fig. 29, Plate III., the line a due to the hydrogen atom is of uni¬ 

form intensity throughout, while the one due to the hydrogen 

molecule, is very faint at the head but intense elsewhere; in 

others the line due to the atom is uniform while that due to 

the molecule has a beaded appearance. An example of this is 

shown in Fig. 30, Plate III. Perhaps the most important point 

showm by these plates is that when in a mixture of hydrogen and 

oxygen there are such differences between the lines due to the 

atoms and molecules of hydrogen, there are similar differences 

between the lines due to the atoms and molecules of oxygen. 

A similar result is obtained when the discharge passes through 

mixtures of nitrogen and hydrogen. It is interesting to 

observe that if we have along with these gases monatomic 

4^ 
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gases, soch as helium or mercur}^ vapour, the lines corresponding 

to the atoms of these gases show the characteristics of both the 

atomic and molecular lines of the diatomic gases, suggesting 

that some of the atoms of the monatomic gas have been ionized 

by the same process as the atoms of the diatomic gas, and others 

by the prcxess which produced the charged molecules of this 

gas. There are in the discharge tube at least tw^o kinds of 

ionizing agents, and it is not unlikely that they produce different 

tyi^s of ionization. These agents are (i) rapidly moving 

cathode particles moving away from the cathode, and (2) posi¬ 

tively charged atoms and molecules moving towards it; either 

of these agents can, as is well known, produce ionization by 

collision. We should expect that the cathode particles, since 

they penetrate into the atom and come into contact with the 

corpuscles individually—the collision in favourable cases result¬ 

ing in the detachment of a corpuscle—would give rise to singly 

charged systems, and if they struck a molecule might detach a 

corpuscle from one of the atoms without separating one atom 

from another, producing in this way a positively charged mole¬ 

cule. The collisions between the positively charged atoms and 

the atoms and molecules of the gas through which they are 

passing, might be expected to make the atom or molecule 

struck move off at a considerable velocity, which at first would 

not be shared by the corpuscles inside the atom. The tend¬ 

ency of the corpuscles to leave the atom depends only upon 

the relative velocity of the atom and the corpuscles inside it, 

so that the ionizing effect produced by such a collision is the 

same as if the atom were at rest, and all the corpuscles moving 

with the velocity acquired by the-atom in the collision. Thus 

if there were several corpuscles connected with about the same 

firmness to the atom, the result of the atom acquiring a high 

velocity in a collision might be the liberation of all the cor¬ 

puscles and the production of a multiply charged atom. Such 
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a collision, since it would give one atom in a molecule a great 

velocity relatively to the other, would tend to dissociate the 

molecule into atoms and produce positively charged atoms 

rather than molecules. 

The maximum number of charges carried by a multiply 

charged atom does not seem to be related to any chemical 

property of the atom such as its valency, but to depend mainly 

on the atomic weight; thus mercury, the most massive atom 

on which obser\’ations have been made, can have as many as 

eight charges, crypton atomic weight (82) four or five, argon 

atomic weight ^40^ three, neon atomic weight (20) two, nitro¬ 

gen atomic weight '14), and oxygen [16] two, perhaps in rare 

cases three, helium also occurs with two charges; the multiple 

charge has been found on the atoms of all the elements tested 

with the ver}’ suggestive exception of hydrogen : no hydrogen 

atom with more than one charge has ever been observed, 

though as the hydrogen lines occur practically on every plate 

more observations have been made on the hydrogen lines 

than on those of any other element 

When there are on the plates lines corresponding to atoms 

of the same element with one, two, three charges, then the 

larger the number of charges the fainter the line. Judging 

from the intensity of the lines we should conclude that the 

number of multiply charged atoms is only a small fraction of 

the number with one charge. The ratio of the number of 

atoms which have only one charge to that of those which have 

two or more charges is very variable and depends on conditions 

which are not yet fully understood. For example in the case 

of the carbon atom this ratio seems to depend to a very great 

extent on the type of gaseous carbon compound in the dis¬ 

charge tube. With some hydrocarbons the doubly charged 

carbon atoms are relatively much brighter than with others. 

Again, in the case of oxygen I have found that the purer the 
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oxygen the fainter was the line due to the doubly charged 

oxygen atom in comparison with that due to the atom with 

only one charge. It would thus seem that atoms torn from 

chemical compounds were more likely to have a double charge 

than those obtained from a molecule of the element. Chemical 

combination can not, however, be the only means by which 

the atoms acquire multiple charges, for the atoms of the inert 

monatomic gases, neon, argon and crypton, are remarkable for 

the ease with which they acquire multiple charges. 

I have not been able to find any case in which a molecule 

of either an elementary or compound gas carries a double 

charge. The line corresponding to the molecule of nitrogen 

appears on some plates to have a prolongation towards the 

vertical axis ; this would imply a double charge on the nitrogen 

molecule. I am inclined to think that this prolongation is not 

really doe to the nitrogen molecule, but to the atom of alu¬ 

minium, as m\e for this atom is 27*5, and for the nitrogen 

molecule 28, the lines would be so close together that it would 

be difficult to differentiate them. 

Charged atoms on the view we have been discussing are in 

general produced by the impact of other charged atoms or 

molecules, while charged molecules are produced by the im¬ 

pact of cathode rays. This must not be taken to imply that 

cathode rays never produce charged atoms; it is probable 

that they would do so if they hit one of those corpuscles in 

the molecule which help, by the forces they exert, to bind the 

two atoms in the molecule together. There is direct evidence 

that in some cases charged atoms are produced by cathode rays, 

for-Fulcher (“ Astrophysical Journal,’' 34, p. 388) has shown 

that the passage of cathode rays through a gas generates in 

some cases the line spectrum of the gas, and line spectra are 

r^arded as arising from atoms and not from molecules. 

But though cathode rays may produce some charged atoms 
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they more frequently produce charged molecules, the chief 

source of the charged atoms being positive rays, i.e. rapidly 

moving charged molecules or atoms. The view that the 

charged atoms and molecules are produced by different agents 

helps us to understand the remarkable variations which occur 

in the relative intensities of the lines due to the atoms and 

molecules of the same element To take the case of hydrogen, 

sometimes the line due to the atom is stronger than that due 

to the molecule, at others it is weaker. Examples of this are 

shown in Figs. 31 and 32, Plate III. 

Veiy small variations in the conditions of the discharge 

are sufficient to produce wide variations in the relative in- 

Fig. 33. 

tensities of the atomic and molecular lines. If, for example, 

the cathode is placed so that its face comes inside the neck 

of the discharge tube as in Fig. 33a, the atomic line of hydro¬ 

gen is stronger than the molecular: it is weaker, however, 

when the face protrudes beyond the mouth of the neck as 

in Fig. 33b. When the cathode is in the position indicated 

by Fig. 33a the pressure, when the positive rays are at their 

best, is higher than when the cathode is placed as in Fig. 33b; 

so that this result suggests that, as the pressure increases, the 

intensity of the lines due to the atoms as compared with that 

of those due to the molecules increases also. 
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METHODS FOR MEASURING THE NUMBER OF 

THE POSITIVELY ELECTRIFIED PARTICLES. 

Though the photographic plate furnishes an excellent means 

of detecting the existence of positively charged particles of 

different kinds it is not suitable for comparing the number of 

th^e particles present in a bundle of positive rays. For though 

the intensity of the lines on the photograph will vary with the 

number of particles, this number will not be the only factor in 

the expression for the intensity. As an example, consider the 

lines due (1} to very light particles like the atoms of hydrogen, 

and (2) to very heavy ones like the atoms of mercury. If 

these particles have acquired the same amount of energy in the 

electric field before entering the cathode, the hydrogen atoms 

will have a velocity about fourteen times that of the mercury 

ones: they might therefore be expected to penetrate further 

into the film on the plate and produce a greater photographic 

effect than the mercury ones. If this expectation is realized, 

and we shall see that it is, it is evident that the photographic 

effect cannot be taken as a measure of the number of positively 

electrified particles. 

A method which does give metrical results is founded on 

the following principle. Suppose that we replace the photo¬ 

graphic plate in the preceding method by a metal plate in 

which there is a movable parabolic slit, then when this slit is 

moved into such a position that it coincides with one of the 

parabolas on the photographic plate, positively electrified par¬ 

ticles would pass through the slit; if these particles are caught 

and their total charge measured we shall have a measure 

of the number of positively electrified particles. Thus if the 

slit were gradually moved up the plate there would be no charge 

coming through it, unless it coincided in position with one of 

the parabolas. As one parabola after another was passed, posi- 
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tive electricity would come abruptly through the slit, and the 

amount of the charge would be a measure of the number of 

particles passing through the slit If instead of moving the 

parabolic slit we keep the slit fixed and gradually increase the 

magnetic field used to deflect the particles, we shall in this way 

drive one parabola after another on to the slit, beginning with 

the parabola due to the hydrogen atom and ending with that 

due to the mercury one, and the charges passing the slits will 

be proportional to the number of particles. 

The apparatus used to carry this idea into practice is re¬ 

presented in Fig. 34. After passing through the electric and 

magnetic fields the particles, instead of falling on a photo¬ 

graphic plate, fall on the end of a closed cylindrical metal box 

B. In the end of this box nearest the cathode a parabolic 

slit about I mm. in width is cut, the vertex of the parabola 

being the point where the undeflected rays would strike the 

box, and the tangent at the vertex the line along which the 

particles would be deflected by the magnetic force alone. 

This slit is the only entry into the box. Inside the box and 
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immediately behind the slit there is an insulated long, narrow 

metal vessel placed so that every particle passing through the 

slit falls into this vessel This vessel is connected with a 

Wilson tilted electroscope by which the charge it receives can 

be measured. 

From the front face of the box a portion was cut away, 

and the opening closed by a willemite screen. The positive 

rays could be deflected on to this screen and the brightness 

of the fluorescence obsen^ed; in this way one can make sure 

that the tube is in the proper state for giving positive rays 

before attempting to make the measurements. 

The impact on the face of the box of the rays which do 

not pass through the slit gives rise to the emission of slowly 

moving cathode rays; if precautions are not taken these diffuse 

through the slit, enter the Faraday cylinder, and confuse the 

measurements. This diffusion can be avoided by placing a 

small permanent magnet near the slit The force due to this is 

strong enough to deflect the more mobile cathode rays without 

producing any appreciable effect on the positively charged 

atoms. The pressure of the gas between this box and the 

cathode should be made as small as possible: the best way of 

reducing the pressure is to absorb the gas by means of charcoal 

cooled with liquid air. This method will not produce a good 

vacuum when the gas in the tube is helium; with hydrogen, 

too, the vacuum is not so good as for heavier gases, for then the 

pressure can by this means easily be reduced to 3/1000 of a 

millimeter. 

The method of observing with this apparatus is as follows: 

The positive rays are deflected by a constant electric field of 

such a magnitude that the heads of the parabolas are in line 

with one end of the slit The magnetic field is then increased 

by small increments and the deflection of the Wilson electro¬ 

scope in ten seconds measured. Unless a parabola comes on 
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the slit there is practically no deflection ; as soon, however, as the 

magnetic force is such that a parabola comes on the slit, there 

is a considerable deflection which disappears when the magnetic 

force is increased so as to drive the parabola past the slit The 

appearance and disappearance of the deflection of the electro¬ 

scope are surprisingly sharp, so that lines quite near each other 

can be detected and separated. An example of the results 

obtained by this method is given in Fig. 35. The abscissas 

are the values of the magnetic force used to deflect the rays, 

and the ordinates the deflection of the Wilson electroscope in 

10 seconds. The gas in the tube was carbon monoxide. 

A comparison of this curve • with a photograph of the dis¬ 

charge through the same gas shows many interesting features. 

On the photograph the strongest lines are those corresponding 

to the atom and molecules of hydrogen. The curve on the 

other hand shows that the number of hydrogen particles is 
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only a small fraction of the number of CO particles. The ex¬ 

traordinary sensitiveness of the photographic plate for the 

hydrogen atom in comparison with that for atoms and mole¬ 

cules of other gases is shown in all the curves taken by this 

method. But great as is the discrepancy in the case of the 

photographic plate between the effects produced by hydrogen 

atoms and an equal number of heavier atoms, it is not nearly 

so great as it is for a willemite screen: such a screen may 

show the hydrogen lines very brightly while the CO line is 

hardly visible, when measurements made with the electroscope 

in the way just described show that the number of particles of 

hydrogen is only a few per cent of the number of the CO 

particles. 

It is difficult to get from the photographs any estimate of 

the relative amount of the different gases in the discharge tube 

when it contains a mixture of several gases ; for example, if 

the tube is filled with a mixture of hydrogen and oxygen the 

relative quantities of these gases may be varied within wide 

limits without producing any veiy’ marked effect on the relative 

brightness of the hydrogen and oxygen lines in the photograph. 

This electroscope method is much more metrical as will be seen 

from Figs. 36 and 37, the first of which represents the curve 

when the gas in the tube was a mixture of one-third hydro¬ 

gen and two-thirds oxygen, while in the second, the gas was 

one-third oxygen and two-thirds hydrogen. 

The n^atively charged hydrogen atoms seem to have the 

same preponderance in their effect on the photographic plate 

over other negative atoms as positive hydrogen atoms have 

over other positive atoms. Thus on all the plates the line 

corresponding to the negatively electrified hydrogen atoms is 

well marked, often being comparable with the negatively elec¬ 

trified oxygen atom. With the electroscopic method the 

native hydrogen atom can only just be detected, while the 
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negatively electrified oxygen atoms produce a large negative 

deflection. A curve showing the comparative numbers of 

!. Hydrogeri 

2^ 0 X y ^ e n | 

i o ^0, S CO, 

Fig. 37- 

different kinds of negatively electrified atoms is shown in the 
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ciin'e. Fig. 38: the gas in the tube was phosgene, COCL ; the 

curve at the top of the figure represents the number of nega¬ 

tively electrified particles, the one at the bottom the positively 

1 f & ® 

Fig. 38. 

electrified ones. It will be seen that the negative atoms de¬ 

tected by the electroscopic method were carbon, oxygen, and 

chlorine, and that the chlorine atoms were by far the most numer¬ 

ous. On the photographs taken with this gas the line due to 
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n^ativelvielectrified hydrogen seemed comparable in intensity 

with that due to negative chlorine. An interesting point about 

the curve representing the distribution of positively electrified 

atoms is the great variety of atoms and molecules in this case, 

thus we find atoms of carbon, oxygen, and chlorine, and the 

molecules CO, CI2, CCl, and COCL. It will be noticed that 

only a small fraction of the current is carried by free carbon 

and oxygen atoms, showing that in phosgene the carbon and 

oxygen atoms are so firmly united that the greater part of 

them remain together even when the gas is dissociated. 

Are tlie atoms in a molecule of a compound gas charged with 

electricity of opposite signs ? 

The study of the curves obtained by the electroscopic 

method throws some light on the electrical states of the two 

atoms in a diatomic molecule of an elementary or compound 

gas. If we regard the forces which keep the atoms together 

as electrical in their origin, the question naturally arises, are 

the two atoms in a molecule of hydrogen, for example, charged 

one with positive the other with negative electricity; or in a 

molecule of hydrochloric acid gas is the hydrogen atom posi¬ 

tively charged, the chlorine negatively, or in a compound like 

ammonia NH3 does the nitrogen atom carry three negative 

charges and each of the hydrogen atoms one positive one ? 

Let us consider the case of CO for which we have in Fig. 

35 the curve which represents the relative numbers of the 

different kinds of positively charged atoms. If the carbon 

atom in the molecule were positively, the oxygen atom 

negatively electrified, then we should expect that if a molecule 

of CO were split into atoms by the impact of a rapidly moving 

positively electrified particle, there would be a tendency for the 

carbon atoms to have a positive charge and for the oxygen 

ones to have a negative, so that in the positive rays we should 

expect to find more carbon atoms than oxygen ones. The curve, 
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Fig, 36. shows that the number of positively electrified carbon 

atoms exceeds that of the positively charged oxygen ones in 

the proportion of 11 to 7. These figures, however, underrate 

the number of oxygen atoms which came through the cathode, 

for some of them after passing through the cathode acquired a 

Illative charge. The charges given to the electroscope show 

that the proportion between negatively and positively charged 

oxygen atoms was as 2 to 7, while the number of carbon atoms 

which were negatively charged was very small in comparison 

with that of the positively charged atoms. Taking the negative 

atoms into account as well as the positive we find that the 

proportion between the number of carbon and oxygen atoms 

passing through the cathode is as 11 to 9 ; the numbers are 

too nearly equal to allow us to suppose that in the molecule 

one of the atoms is positively, the other negatively charged. 

The curve for COCL, Fig. 38, shows that the proportion 

of positively electrified chlorine atoms in the positive rays is 

not very different from the proportion of chlorine atoms in the 

normal gas. If the atoms in the molecule COCU had indi¬ 

vidually carried electric charges we should have expected the 

atoms of the strongly electro-negative element chlorine to have 

carried a negative charge and to have been relatively deficient 

in the positive rays. 

The view that each of the atoms in a molecule of a com¬ 

pound contains as much positive as negative electricity is 

supported by considerations drawn from other branches of 

physics. If the atoms in a molecule of a gas carried separate 

charges so that one kind of atom was positively, another 

negatively, charged, then if the gas were dissociated into these 

atoms the atoms would be charged and the dissociated gas 

would be a good conductor of electricity. Now there are 

several gas^ which are dissociated at low temperatures, nickel 

carlx>nyl, for example, is at lOo"* C. split up into nickel 
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and CO to a very large extent: if these atoms were charged 

the electrical conductivity of the gas might be expected to 

begin to show marked increase at a temperature of about 70" C. 

when the dissociation first becomes appreciable. The varia¬ 

tion of the conductivity of nickel carbonyl with temperature 

iSj however^ as Prof. Smith has shown, quite normal, following 

the same laws as for an uiidissociated gas. L. Bloch/ too, has 

shown that the dissociation of arseniuretted hydrogen which 

also takes place at low temperatures is not accompanied by any 

increase in electrical conductivity. He also showed that many 

chemical reactions between gases which go on at low tempera¬ 

tures such as the oxidation of nitrogen bioxide, the action of 

chlorine on arsenic, the oxidation of ether vapour, have little 

or no effect on the conductivity. 

Chemical action, unless accompanied by high temperature, 

has not been shown to give conductivity. The very vigorous 

combination of hydrogen and chlorine under sunlight seems to 

have absolutely no effect on the conductivity of the mixture, 

and this is a strong reason for supposing that the atoms in the 

molecule are not charged. 

It is true that chemical actions vigorous enough to raise the 

gases to a very high temperature, such as, for example, the 

combination of hydrogen and oxygen in the oxy-hydrogen 

flame, the oxidation in a Bunsen flame, the burning of CO 

and so on, make the reacting gases good conductors of electri¬ 

city. This conductivity seems, however, from the result of 

recent experiments, to be due to the high temperatures pro¬ 

duced by the chemical action rather than to that action itself. 

The conductivity cannot be due to the molecule being dis¬ 

sociated into positively and negatively electrified atoms, for 

the determinations of the mobility of the negatively electrified 

particles in flames and gases at a very high temperature show 

^ “Annales de Chimie et de Physique,” XXII, pp. 370, 441; XXIII, p. 28. 

5 
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that it is much larger than would be possible if these particles 

had masses comparable with that of even the lightest atom. 

These negatively electrified particles are corpuscles, not atoms, 

and the electrical conductivity of gases at high temperatures 

is due to the dissociation of the molecules and atoms into posi¬ 

tively charged molecules and atoms and negatively electrified 

corpuscles, and not to a dissociation such as occurs in solution 

when the electrified bodies are positively and negatively electri¬ 

fied atoms. The conductivity of hot gases seems to be an 

example of the emission of corpuscles from hot bodies, rather 

than to be directly connected with chemical combination. We 

know that w^hen we raise solids such as metals, or still better, 

certain oxides to a high temperature they give out copious 

streams of corpuscles, and the conductivity of flames is better 

explained by supposing that gases possess this property to 

some extent than by attributing it to chemical action alone. 

We are led by these results to regard the electrical forces 

which keep the atoms in a molecule together as due not to 

one atom being charged positively and the other negatively 

but to the displacement of the positive and negative electricity 

in each atom. Thus each atom acts like an electrical doublet, 

and attracts another atom in much the same way that two 

magnets attract each other. 

On the Information Afforded by the Positive Rays 

AS TO THE Constitution of a Gas, the Nature 

AND Properties of the Molecules, and the Pro¬ 

cess of Ionization in a Discharge Tube. 

The results we have given above enable us to appreciate 

the importance of the positive rays in investigating the con¬ 

stitution of gases and the properties of atoms and molecules. 

In the first place they give a very direct and simple proof 

of the molecular constitution of gases. We have seen that the 
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positive rays from a gas produce on the photographic plate 

a finite number of distinct and sharp parabolas. As each 

parabola corresponds to a different kind of charged particle 

this shows that there are only a limited number of different 

kinds of particles in the discharge tube. The sharpness of 

the lines shows that all the particles of the same chemical 

element have to a veiy^ high degree of accuracy the same mass. 

If the atoms of hydrogen, for example, differed appreciably in 

mass it would not be possible to get on the photographic plates 

parabolas as sharply defined as those which can be obtained 

when the tube through the cathode has a very fine bore. As 

far as we know at present the fineness of the line depends only 

on the bore of the tube. This would not be the case if there 

were any variation in the mass of the atoms, for then instead 

of a line we should get a band bounded on one side by the 

parabolas corresponding to the heaviest atom and on the other 

by that corresponding to the lightest. 

Again we see that in some gases we have both atoms and 

molecules, in others only atoms. We can infer from the study 

of the curves produced by the positive rays that helium, for 

example, is a monatomic gas, hydrogen and oxygen di-atomic. 

The rays show too that the atoms and molecules of the 

gases can be charged with electricity; all of them, as far as we 

know, with positive electricity, some of the atoms with nega¬ 

tive as well. The circumstances are very unfavourable for a 

particle in the positive rays to get a negative charge, and we 

must not conclude that because an atom or molecule has not 

been observed to acquire a negative charge when in the positive 

rays it is incapable of doing so under more favourable circum¬ 

stances. 

We have seen too that the atoms of all the elements except 

hydrogen can acquire more than one unit of positive charge. 

The maximum number of such units seems to depend on the 

5^ 
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atomic weight of the atom, for mercury, the heaviest atom 

yet investigated, it is as large as eight, for krypton four or five, 

for oxygen two, and so on. No undoubted case of a double 

charge on a molecule, whether of an element or a compound, 

has yet been obsen'ed. In addition to the atoms and molecules 

of recognized elements these rays reveal the existence of 

radicles and other combinations which are not known to exist 

permanently in the free state. Thus the positive rays from 

marsh gas CH4 show, in addition to the atom and molecule of 

hydrogen and the atom of carbon, the systems CH^ CH^, CH3, 

CH4. The radicle OH with a negative charge has also been 

found when water vapour was in the tube. We can detect by 

this method systems which have ‘a very transitory existence, 

for they need only last long enough to travel from the dis¬ 

charge tube to the photographic plate, a journey which takes 

less than the millionth of a second. 

Again (see p. 45) the rays show that with those com¬ 

pounds of carbon, which contain two or more carbon atoms 

united by bonds, two carbon atoms connected together are 

found in the positive rays, and since they are found with a 

negative as well as with a positive charge, the two carbon 

atoms united in this way cannot be saturated. 

Let us now consider the evidence given by these rays on the 

question of ionization. We see from the inspection of the 

photographs that ionization in the discharge tube is not ex¬ 

clusively nor even mainly the detachment of a corpuscle from 

a neutral molecule: this process would produce merely positively 

electrified molecules. The photographs show that the products 

of ionization are much more complex than this : for though we 

do find the positively electrified molecules of the gas through 

which the discharge is passing, whether that gas be an ele¬ 

mentary one like hydrogen or oxygen or a compound one like 

carbon monoxide or carbonic acid, these molecules are by no 
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means the oolv kincl of^ectrihecl particles in the ravs, indeed 
’•* A/., 

they are in ge^rai In a n^^r-ity as compared with electrified 

atoms. Instea#'^the^ one kind of carrier for the 

positive electricity^’^^^xe considerable number of 

kinds: in an expe^^nt "^th vapour 1 counted 

seventeen distinct kinSs of po^ive^J^^^ers. Indeed the 

splitting op of the gas by the disc^^ge’^^^^etimes so com¬ 

plete that the photographs different 

hydrocarbons may be almost ideil^^ Thus, :^Ampie, the 

prominent lines for the vapours of m^^^-alcohol, e^J:l-|icohol, 

ether ((C2H^)20^‘ and dimethyl ether are^^nticai, showing that 

they are due to the products of dissociation of the molecules of 

these substances and not to the molecules themselves; the 

lines due to these are veiy^ faint. 

In the discharge tube tlien we have dissociation—the 

splitting up of molecules into atoms—as well as the detachment 

of a corpuscle from the molecules. 

The agents present in the tube which are known by in¬ 

dependent experiments to produce ionization are :— 

1. Cathode rays of varying velocities moving away from the 

cathode. 

2. Positive rays moving towards the cathode. 

3. Rays analogous to Rontgen rays, due to the impact of 

cathodic and positive rays against the molecules of the gas 

through which they are passing and also to the recombination 

of the ions of opposite signs. 

The primary effect produced by the impact of a cathode 

ray with a molecule would be to detach a corpuscle from this 

molecule. If this corpuscle is one of the structural ones, i.e. one 

of those causing the attractions which hold the atoms in a 

molecule together, then the ionization will be accompanied by 

the separation of the atoms in the molecule: we shall have 

dissociation as well as ionization and the result will be a 
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positively electrified atom. If, however, the corpuscle de¬ 

tached is not a structural one the atoms in the molecule will 

not be separated and a positively electrified molecule will be 

the result. If this were the only method of ionization we should 

expect a considerable excess of positively electrified molecules 

over positively electrified atoms. It is not, however, probable 

that any large fraction of the ionization in the tube is due to 

the direct action of the faster cathode rays. The amount of 

ionization due to such rays has been measured by Glasson ^ 

who found, as is indicated by theory, that the number of ions 

produced by cathode ray per unit length of path varies inversely 

as the kinetic energy" of the ray. For rays moving with a 

velocity of 47 x 10^ cm./sec. through air at a pressure of i mm. 

of mercury, he found that i *5 pairs of ions were produced by 

each ray in travelling over i cm. In the experiments with 

positive rays the velocity of the faster cathode rays was con¬ 

siderably greater than 5x10^ cm./sec. This would reduce the 

ionization if the pressure in the gas remained the same, but 

the pressure in the gas in our experiments was less than 

*01 mm. of mercuiy^, so that even if we neglect the diminution 

in ionization due to increase in velocity, a cathode ray would 

only produce 17 pairs of ions when it had travelled over a 

metre, a distance much greater than the length of the tube. 

We conclude that the ionization on the gas is not therefore in 

the main due to the fast cathode rays: it arises more probably 

from slow cathode rays and from positive particles. The 

positive ions from the n^ative glow when they get into the 

dark space soon acquire sufficient energy to ionize the gas, 

producing corpuscles and other positive ions. These secondary 

corpuscles will at first be moving slowly as they are in a region 

in the dark space where the electric field is comparatively 

weak ; they will be efficient ionizers as their velocity is small, 

^ “ Phil. Mag.,” October, 1911. 
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and will produce other corpuscles by collision^ these cor¬ 

puscles will be in a still weaker electric field and therefore 

still more efficient ionizers, as it is not until the velocity of the 

cathode particles sinks below that due to a fall through about 

200 volts, that the ionization due to these particles increases 

as the veiocit}" decreases. Thus near the anode end of the dark 

space the number of slowly moving cathode rays wii! increase 

with very great rapidity, and the gas in this neighbourhood will 

be a mixture of molecules and comparatively slowly moving 

cathode rays. Though these rays are slow in comparison 

with those that have acquired the energy due to the fall in 

potential through the whole of the dark space, their kinetic 

energy is large enough to correspond to that due to the thermal 

agitation of a particle at a very high temperature. For 

example a corpuscle moving with a velocity 10" cm./sec. has 

energy corresponding to that due to thermal agitation at 0° C.: 

one moving with a velocity of 10^ would have energy equal 

to that due to the thermal agitation at about 27000"" C. A 

velocity of 10® cm./sec. would be acquired by a corpuscle 

through a fall of potential of between 3 and 4 volts, so that 

the velocity of even the slowest cathode particles in the dis¬ 

charge tube will he considerably greater than this. If there 

were anything approaching to equi-partition of energy be¬ 

tween these corpuscles and the structural corpuscles of the 

atoms in a molecule, the latter would acquire so much energy 

that they might wander away from the places they ought to 

occupy if they are to keep the atoms in the molecule together. 

The result of this would be that the atoms would separate and 

some of the corpuscles inside them would have considerable 

kinetic energy. This energy might be sufficient to carry them 

outside the atoms and thus produce positively charged atoms : 

either of the atoms in a diatomic molecule might be positively 

electrified in this way. The seat of ionization of this kind 
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would be at the end of the dark space next the negative glow, 

so that the positively electrified particles produced in this way 

would fall through the whole of the potential difference in the 

dark space, and would acquire the maximum amount of kinetic 

energy, they would therefore hit the photographic plate at the 

head of the parabola corresponding to this kind of particle. 

Some of the photographs, such as the one reproduced in Fig. 

39, Plate IV., have the heads of the parabolas very much more 

intent than the rest of the arc, indicating that in this case the 

majority of the particles have fallen through the maximum 

potential difference and therefore have been produced at the 

end of the dark space. There are many cases, however, where 

this concentration does not occur, and where the arcs of the 

parabolas are ver>^ long, indicating that there is a very con¬ 

siderable range in the kinetic energy of the particles, the 

uniform intensity of the lines shows that the number of par¬ 

ticles is fairly equally distributed over a considerable range of 

kinetic energ}*. 

We might account for this variation in the kinetic energy^ 

in the following ways:— 

1. By supposing that the charged particles all started from 

the same region, the end of the dark space, but before reaching 

the cathode got neutralized and so were only under the influ¬ 

ence of the electric field for a fraction of the journey through 

the dark space. 

2. By supposing that the ionization which produced these 

particles occurred not merely at the end of the dark space but 

to some extent throughout the whole of this space. 

3. By supposing that the small amount of kinetic energy 

pos^ssed by some of the particles is due to their colliding with 

the molecules of the gas whilst passing through the dark space 

and in this way losing some of their kinetic energy. 

Let us begin with the first of these suggestions. We have 
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seen :p. 32'; that unless the pressure is very low some of the 

particles, after they pass through the cathode, get neutralized 

and lose their charge for a time; in some cases they acquire it 

again by being ionized by coliision with a corpuscle. If this 

process went on in front of the cathode as well as behind it 

we should get variations in the kinetic energy of the particles, 

as some of them would have passed a larger fraction of their 

time in the uncharged state than others. The corpuscles 

which produce neutralization and ionization must be those in 

the molecules of the gas through which the positive ra^^s are 

passing and not the free corpuscles. For in the dark space in 

front of the cathode there is an intense electric field in which 

the free corpuscles are moving far faster than the particles so 

that the relative velocity of the particles and free corpuscles is 

much greater than that of the particles and the corpuscles in 

the molecules, and therefore the union of the positively elec¬ 

trified particles and the free negatively electrified corpuscles is 

not likely to occur; there may, however, be some neutraliza¬ 

tion owing to a positively charged particle uniting with a 

corpuscle from an uncharged molecule, through which the 

positive particle is passing. 

The third suggestion that the loss of kinetic energy is due 

to collisions between the particles and the molecules in the 

discharge tube through which they are moving is open to the 

objection that it would produce effects of the same general 

character on all the lines. Thus if all the particles started 

from the end of the dark space and the reduction in their velo¬ 

city was due to these collisions we should expect all the lines 

to show a general resemblance in the way the intensity varied 

along the parabola. We find, however, on the same plate 

lines which are quite short, with all the intensity concentrated 

at the head, and others which are long and of equal intensity 

throughout The second suggestion, that positive particles 
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are produced at different parts of the field by other positively 

electrified particles in rapid motion, seems to me to indicate 

an effect which must undoubtedly be largely instrumental in 

incr^sing the length of the parabolas. The particles which 

are produced near the cathode will not, when they reach the 

cathode, have fallen through as great a potential difference as 

those produced farther away and will therefore have a smaller 

velocity. 



RETROGRADE AND AXODE RAYS. 

The rays we have hitherto been considering consist of 

positively charged particles travelling in the direction in which 

such particles would be moved by the electric field in the dis¬ 

charge tube. In addition to these there is another system of 

rays travelling in the opposite direction. By far the larger por¬ 

tion of these rays are cathode rays^ i.e. negatively charged 

corpuscles moving with great velocityj but as the author 

showed long ago^ these are mixed with rays which are 

evidently of a different character, for unlike the cathode 

rays they are not appreciably deflected when a permanent 

magnet is brought near them. It was afterwards shown by 

Villard “ and the author ^ that some of these new rays were 

deflected by strong electric and magnetic fields and that the 

direction of the deflection indicated that the particles forming 

the rays were charged with positive electricity. The fact that 

these rays travel with high velocities away from the cathode 

and thus in the opposite direction to the electric forces acting 

upon them makes their investigation a matter of very consider¬ 

able interest The apparatus I have used for this purpose is 

represented in Fig. 40. 

A is a perforated electrode through which the rays pass on 

their way to the willemite screen or photographic plate S. 

On their journey to S the rays traverse the usual electric and 

^ J. J. Thomson, “ Proc. Camb. Phil. Soc.,” IX, p. 243. 

Comptes Rendus,” CXLIII, p. 673, 1906. 
2 J. J. Thomson, “ Phil. Mag,,” XIV, p. 359, 1907. 
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magnetic fields. B is a plane rectangular electrode at the 

other end of the discharge tube: it is carried by a stopper 

working in a ground glass joint and thus can be rotated about 

a vertical axis. C is a wire fused in the side of the tube for 

use as an auxiliary electrode. D is a side tube in which a 

closed glass vessel containing a piece of iron can slide up or 

down: this vessel carries a piece of fine metal rod which, by 

moving the iron by means of a magnet, can be inserted in or 

withdrawn from the line of fire of particles projected from B. 

When the stopper carjynng the electrode B is turned so 

that the normal of the plane of the electrode either coincides 

Fig. 40. 

with the axis of the hole through A, or makes but a small 

angle with it, then if B is made cathode and a discharge sent 

through the tube, the cathode rays pass down through the 

tube in A and produce vivid phosphorescence on the screen. 

In addition to these rays there are others which produce a 

phosphorescence different in colour from that due to the 

cathode rays and are deflected in the opposite direction by 

the electric and the magnetic fields: the amount of electro¬ 

static deflection is about the same as that for the cathode rays 

but the magnetic deflection is very much less. It can easily 

shown that these are not ordinary positive rays due to A 

ba:oming cathode through accidental reversals of the coil. For 
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ill the first place they disappear when the electrode B is 

twisted round so that a normal to its plane no longer nearly 

passes down the tube through A: and secondly the rays per¬ 

sist when A is disconnected from the induction coil and 

the auxiliary electrode C used as a cathode. Again when the 

rod attached to D is put in the line of fire a shadow is thrown 

on the phosphorescence on the screen due to these rays. These 

rays are strongest when the electrode B is placed so as to be 

at right angles to the axis of the tube through A. If the elec¬ 

trode is rotated they diminish rapidly in intensity but can be 

detected until the normal to B make an angle of about 15® 

with the axis of the tube through A; they appear in fact to 

follow much the same path as the cathode rays from B, for 

much the same rotation was required to prevent the cathode 

rays getting through the tube in A and producing phos¬ 

phorescence on the screen. 

These rays get exceedingly feeble when the pressure of the 

gas in the discharge tube is very low and they are no longer 

observable at pressures when the ordinary positive rays give 

quite vigorous effects ; even when most fully developed they 

are feeble in comparison with the ordinary positive rays, so 

that it is necessary for the tube through A to have a much 

wider bore than is required for experiments with positive rays. 

As these rays travel in the opposite direction to the positive 

rays they are called retro-grade rays. 

Using a tube through A about *5 mm. in diameter I ob¬ 

tained a photograph of the retrograde rays which gave the 

following results:— 

There are in the retrograde rays positively electrified atoms 

and molecules of hydrogen and positively electrified atoms of 

oxygen: there are also negatively electrified atoms of hydrogen 

and oxygen, and with these rays the intensity of the lines 

corresponding to the negatively electrified particles is greater 
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than that of the positively electrified ones; with the ordinary 

positive rays the positive lines are much stronger than the 

negative. In the retrograde as well as in the positive rays 

there are large numbers of uncharged particles. The photo¬ 

graph taken with the retrograde rays show's that the maximum 

velocity of the negatively electrified atom is about the same as 

that of the corresponding positively electrified one and differs 

but little from the velocity of these atoms in the ordinary 

positive rays. This result is suggestive because the electric 

field in the tube w’ould accelerate the negatively electrified re¬ 

trograde rays and retard the positively electrified one. It 

points, I think, to the conclusion that the origin of the retro¬ 

grade rays is analogous to that of the negatively electrified 

particles which accompany the positive rays, the difference 

between them being that the retrograde rays acquire their 

negative charge before passing through the cathode, while the 

negative constituent of the positive rays do so after passing 

through the cathode. We may suppose that the process by 

which the retrograde rays are produced is somewhat as follows : 

neutral atoms or molecules acquire a negative charge when 

they are just in front of the cathode, they are then repelled 

from the cathode and driven through the dark space, acquiring 

under the electric field in the discharge tube a velocity of the 

same order as that acquired by the positively electrified par¬ 

ticles of the positive rays during their approach to the 

cathode. Some of these rapidly moving negatively electrified 

particles will in their course through the gas come into collision 

with the corpuscles and molecules in the discharge tubes; the 

first collision will detach a corpuscle leaving the particle in the 

neutral condition; another collision will detach another cor¬ 

puscle and leave the particle positively charged. The particles 

which have made two collisions form the positively electrified 

portion of the retrograde rays, those which have made one 
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collision the portion which is without charge, and those 

which have not made a collision the negatively electrified 

portion of these rays. 

These retrograde rays are ver\’ well developed when a 

double cathode of the kind introduced by Goldstein 'see p. 5'^ 

is used instead of a flat cathode. If a cathode consisting of 

two parallel triangular plates. Fig. 41, is substituted for the 

flat cathode B in the apparatus, shown in Fig. 40, a plentiful 

supply of retrograde rays come from the cathode when it is 

turned into a suitable position. By twisting the triangle round 

by means of the glass stopper the emission of the rays, both 

Fig. 41. 

cathodic and retrograde, could be determined. In this way it 

was shown that the maximum emission of cathodic rays is 

along the line starting from the middle points of the sides. 

At the higher pressures this is practically the only direction 

in which cathode rays can be detected; at very low pressures, 

however, cathode rays can be detected coming from the comers 

of the triangle as well as from the middle points of the sides. 

Few, if any, however, are given out in any intermediate direc¬ 

tion. The positively electrified particles stream oflf at all 

pressures from both the corners and middle points of the sides, 

but not from the intermediate positions. The most abundant 

stream comes, as for the cathode rays, from the middle points of 
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the sides, but the disproportion between the streams from the 

comers and from the middle points of the sides is nothing 

like so large as for the cathode rays, so that the ratio of positive 

to cathode rays is much the greatest at the corners of the 

triangle. 

A simple method of demonstrating the existence of retro¬ 

grade rays and also of the places at which the positive rays 

originate is founded on the difference between the phosphor¬ 

escence of lithium chloride under cathode and positive rays. 

When lithium chloride is struck by cathode rays, the phos¬ 

phorescence is a steely blue giving a continuous spectrum. 

When struck by rapidly moving positively electrified particles 

the phosphorescence is a rich deep red, and the red lithium line 

is very bright in the spectrum. To explore the tube for posi¬ 

tive rays a thin rectangular strip of mica or metal is covered 

with fused lithium chloride, the strip is attached to a piece of iron ^ 

which rests on the bottom of the discharge tube. By moving 

the iron by means of a magnet the strip can be moved towards 

the cathode or away from it. If we start with the mica strip 

close to the cathode we find that there is no red light to be 

seen on the side of the lithium chloride next the cathode. The 

anode side of the chloride is a brilliant red, showing that the 

strip is being struck by the positive rays before they reach the 

cathode but not by the retrograde ones. If the mica strip is 

pulled farther away from the cathode until the distance between 

them is about half the thickness of the dark space, red light 

appears upon both sides of the strip showing that now it is struck 

by the retrograde as well as by the positive rays. This state 

of things continues until the mica reaches the limit of the dark 

space and approaches the negative glow; in this position the 

i It is better to put the iron in a closed tube and attach the mica strip to the 

tube, otherwise so much gas is given out by the iron that it is difficult to reduce 

the pressure sufficiently. 
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cathode side of the strip is red but the other side is dark, show¬ 

ing that now it is struck only by the retrograde rays. Another 

way of making this experiment is to keep the strip fixed at a 

distance of between one or two centimetres from the cathode. 

B^iniiing with a fairly high pressure so that the strip is out¬ 

side the dark space, we find that the cathode side of the strip 

is red, while the other side is dark ; in this position the strip is 

struck only by the retrograde rays. If the pressure is gradually 

reduced so that the dark space increases until it reaches just 

past the mica, both sides of the strips will now show the red 

light, showing that now positive as well as retrograde rays 

strike the strip. When the pressure is further reduced until the 

dark space is three or four centimetres long, the red light dis¬ 

appears from the cathode side but is very bright on the other. 

These experiments show that many of the positive rays 

start from close to the junction of the dark space and the 

negative glow. It is surprising to find how short is the distance 

which the screen has to travel from the negative glow before 

the redness of the side remote from the cathode shows that 

positive rays are striking against it. As at this end of the 

dark space the electric force is very feeble, the charged particle 

can only have fallen through a small fraction of the potential 

difference between the anode and cathode ; yet as we have seen 

it has the power of exciting the lithium red light. The reason 

that in the preceding experiment the retrograde rays are not 

observed when the screen is close to the cathode is due I think 

to the shadow cast by the mica on the cathode. The mica stops 

the positive rays on their -way to the cathode so that the parts 

in shadow are not struck by these rays and so cannot be the 

origin of retrograde rays, if these are produced in the way we 

have described. 

This view is confirmed by the following experiments. If 

the cathode is placed near the middle of a large bulb and the 

6 
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mica screen is put a little on one side of the cathode, the red 

lithium light can be obsei^^ed on the side of the screen turned 

towards the cathode even when the screen is quite close to the 

cathode and the dark space 5 or 6 cm. long. 

Again if the cathode stretches across a tube of uniform 

bore, and the screen is moved towards the cathode, the shadow 

thrown on the cathode becomes much more marked and sud¬ 

denly increases in size at the place where the red light fades 

away from the cathode side of the mica strip. The increase in 

size is due I think to the screen getting positively electrified 

when in the region close to the cathode. We know by the dis¬ 

tribution of electric force in the dark space that there is a dense 

accumulation of positive electricity just in front of the cathode, 

which naturally would charge up an insulator placed within 

it. The positively electrified screen repels the positively elec¬ 

trified particles which pass it on their way to the cathode and 

deflects them from their course, so that they strike the cathode 

beyond the projection on it of the screen. In this way a con¬ 

siderably increased area is screened from the impact of the 

positively electrified particles. The portion so screened no 

longer emits cathode rays. Thus the region in front of it is tra¬ 

versed by little if any current and there is consequently no 

bombardment of the screen by retrograde rays. 

Somewhat similar effects are obtained if the mica screen 

is replaced by a veiy fine platinum wire. If this wire is slowly 

moved, towards the cathode, starting from a place inside the 

negative glow, the following effects are observed : almost im¬ 

mediately after entering the dark space the wire becomes red 

hot and remains so until it reaches the velvety glow immedi¬ 

ately in front of the cathode (known as Goldstein's first layer). 

Here it becomes cold and the shadow which before could hardly 

be detected now becomes well marked, and much thicker than 

the wire. The change takes place very abruptly. In some 
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cases just before entering this layer the shadow is reversed, 

i.e. the projection of the wire on the cathode is now brighter 

than the rest of the cathode, indicating I think that the wire 

when in this position gets negatively electrified and attracts 

the positively electrified particles instead of repelling them. 

The retrograde rays are well developed with cathodes made 

of wire gauze. 



ANODE RAYS. 

The positively charged particleSj which we have hitherto 

considered^ originate in the neighbourhood of the cathode. 

Gehrcke and Reichenheim ^ have discovered rays of positively 

charged particles which start from the anode. Their attention 

was called to these rays by noticing that a pencil of yellow 

light streamed from a point on the anode of a tube with which 

they were working. It was found that there had been a speck 

of sodium chloride at the points on the anode from which the 

pencil started. They got these rays developed to a much 

greater extent when they used for the anode a piece of platinum 

foil with a little pocket in which various salts could be placed. 

The foil was in circuit with a battery insulated from the one 

used to send the current through the discharge tube; this 

battery was for the purpose of raising the anode to a red heat, 

as these rays are not developed unless this electrode is at a 

high temperature. The current through the tube was pro¬ 

duced by a battery giving a potential difference of about 300 

volts which, as a Wehnelt cathode was used, was sufficient to send 

a very considerable current through the tube: the pressure in the 

tube was very low. The rays were well developed in this tube 

when NaCl, LiCl, KCL and the chlorides of Cu, Sr, Ba, In, were 

placed in the pocket. The colour of the rays corresponded with 

the colour given to flames by the salt. They did not get any 

effects when the oxides of calcium or barium were put in the 

pocket; these oxides are known when hot to give out large 

Verb. D. Phys. GeselL,” 8, p. 559; 9, pp. 76, 200, 376; 10, p. 217. 

84 
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streams of negatively electriSed corpuscles and for this reason 

are used for Wehiielt cathodes. These rays are apparently only 

given out by the salts of the metals and not by the metals 

themselves ; they are called Anode rays. 

Gehrcke and Reicheiiheim arranged a Faraday cylinder so 

that the rays could fall into it; they found that when the rays 

entered the cylinder it acquired a strong positive charge. 

Gehrcke and Reichenheim subsequently used another form 

Anode 

of apparatus which gave better results than the one just described. 

The anode was a rod of salt placed inside a glass tube so that 

only the front of it was exposed to the tube; the cathode was 

an aluminium ring encircling the anode, the pressure was 

reduced to a very small value by the use of carbon cooled by 

liquid air. With the discharge from a powerful induction coil, 

or still better from a large electrostatic induction machine, the 

anode got hot without the aid of an auxiliary heating current, 

and a bright stream of rays came from the end of the salt anode; 



86 RA YS OF POSITIVE ELECTRICITY 

the appearance of this beam is represented in Fig. 43. It was 

found that a mixture of two or more salts with powdered 

graphite gave brighter rays than a simple salt, the best mixture 

seemed to he LiBr, Lil, Nal and graphite. The rays come off 

Fig. 43. 

at right angles to the surface of the salt; thus if the surface 

is cut off, as in Fig. 44, the rays come off in the direction ab, 

Gehrcke and Reichenheim found that there was a very 

considerable difference of potential between the surface of the 

anode and a point a centimetre or two away: in some of their 

experiments it was as much as 2300 volts. By assuming that 

the energy acquired by the rays was due to the fall through 

Fig. 44. 

this potential V, and measuring the radius of the circle into 

which the rays were bent by a strong magnetic field H, the 

values of v and m\e can be determined, for we have 

1 
2 

and if r is the radius of the circle into which the rays are bent 

by a magnetic force H at right angles to their path 

, 2V ^ , 2V 
hence v=—^ndel»i=^ 
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In this way the following values were obtained :— 

Salt V. e m, ratio of mass of particles to that 

cm; sec of an atom of hydrogen. 

Li Cl 
I'll 

8*6-83 

Li a. Q? X 10^ 
'5/ 

14-11 

NaCL X lo" 
I *76 

X 10^ 
-41 

21 - 23 

Sr CL. i-oSxio” •21 X 10^ 90 (if the atom 

is doubly charged.^ 

The results for Li Cl given in the first line relate to the 

brightest part of the rays, those in the second to the least de¬ 

flected rays. It would appear from this that the charged par¬ 

ticles are the atoms of the metal in the salt and that in the case 

of strontium they carry a double charge. A very interesting 

case of these anode rays is that of a discharge tube with a 

constriction in the middle. When two bulbs A and B, about 

lo cm. in diameter, with the anode in A and the cathode in 

Bj are connected by a narrow tube: then when the pressure 

in the tube is very^ low and a small quantity of iodine vapour 

is introduced into it, anode rays start from the constric¬ 

tion c at the cathode end of the narrow tube and cathode 

rays from the anode end of this tube. If the connecting 

tube were quite straight these anode rays might be the positive 

rays corresponding to the cathode q but as they appear when 

the tube is bent this cannot be their origin. It is especially 

to be noticed that the anode rays do not appear unless iodine, 

bromine, or chlorine is in the tube. This is perhaps due to 

the fact that the atoms of these substances are excellent traps 

for negatively electrified corpuscles as they hold these cor¬ 

puscles imprisoned. Any positively electrified particles in the 

tube will thus have a much better chance to escape being 
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neutralized by these corpuscles when these gases are present 

than when they are absent: and thus the number of anode 

rays will be increased. 

The most natural explanation of these rays is that the 

hot salts from which they originate act like fused electrolytes, 

and that the current through them into the discharge tube is 

carried by the ions into which the salts dissociate, the positive 

ion, which is a charged atom of the metallic constituent of 

the salt, following the current will come to the surface of the 

anode, will get detached from it, and under the influence of the 

strong electric field which exists in the gas close to the anode 

will acquire the high velocity characteristic of the anode rays. 



DOPPLER EFFECT SHOWN BY THE POSITIVE 

RAYS. 

Before the methods described in the earlier part of this 

book had been fully developed. Stark ^ had discovered a pro¬ 

perty of the positive rays which is of great importance in con¬ 

nexion with the origin of spectra, and incidentally has led to 

results which have confirmed some of those obtained by the 

newer methods. 

Stark’s discovery resulted from the spectroscopic examina¬ 

tion of the light produced by the positive rays passing through 

a gas at a pressure comparable with *1 mm. of mercury, a very 

much higher pressure than that used in the majority of the ex¬ 

periments with the photographic plate and the willemite screen. 

The stream of rays passing through a perforated cathode pro¬ 

duces at such pressures in the gas behind the cathode consider¬ 

able luminosity. Stark examined this luminosity when the 

gas was hydrogen with a spectroscope: (i) when the line of 

sight was at right angles to the direction of the rays. (2) 

When the line of sight was approximately in the direction of 

the rays. In the first case he found that the series lines for 

hydrogen were in their normal positions. In the second, how¬ 

ever, he found that though there were lines in the normal posi¬ 

tions, these lines were broadened out towards the violet end of 

the spectrum when the positive particles were approaching the 

1 Stark, “ Physik. Zeitschr.,” 6, p. 892, 1905. “ Ann. d. Phys.,” XXI, p. 451, 

1906. 
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sf^ctroscope and towards the red end when they were reced¬ 

ing away from it, indicating that some though not all of the 

systems emitting these lines were moving in the direction of 

the rays with velocities sufficient to give an appreciable Doppler 

effect A closer examination of these lines brought out some 

interesting details which are illustrated in Fig. 45, Plate IV., 
taken from a photograph by Stark of the hydrogen line H7. 

It will be noticed that though the displaced line is broadened 

out into a band, this band does not begin at the undisplaced 

|X)sition of the line, but is separated from it by a finite distance. 

The alteration AX in the wave length X of a line given out by 

a source moving towards the observer with a velocity v is by 

Doppler's principle given by the equation 

AX _ V 

X c 

where c is the velocity of light. In the case of these small 

displacements we may take, where we are dealing with one 

line in the spectrum, AX as proportional to the displacement 

of the line, and we may also use this equation to determine v 

the velocity of the particle emitting the line. The fact that the 

fine line is displaced into a broad band shows that these 

velocities range over somewhat widely separated limits: this 

is quite in accordance with the results indicated by the photo¬ 

graphs of the positive rays when deflected by electric and 

magnetic forces. We saw that the parabolic arcs were of con¬ 

siderable length, and therefore were produced by particles 

moving with a wide range of velocities. The dark space 

between the undisplaced line and the band indicates that the 

moving particles do not give out the lines unless the velocity 

exceeds a certain value. According to Stark and Steubing ^ 

this limiting velocity varies with the different lines of the 

same element, increasing as the wave length diminishes. The 

^ “ Ann. der. Phys.,” 28, p. 974. 
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limiting velocity given by these observers for the hydrogen 

lines are as follows*:— 

Ha= 1-07 X io"cm./sec. 1*26 x io‘ cm./sec. 

These values are approximately proportional to the square 

root of the frequency of the lines. There is some difference 

of opinion as to whether this limiting velocity does or does 

not depend upon the frequency of the light Paschen ^ came 

to the conclusion that it was the same for all the hydrogen 

lines. This velocity is small compared with the average vel¬ 

ocity of the positive rays of hydrogen ; it corresponds to a fall 

through a potential difference of less than lOO volts. It is 

comparable in value withi that which the mercury atom ac¬ 

quired in many of the experiments represented by the pre¬ 

ceding photographs, when it had possessed one but only one 

charge throughout its journey through the discharge tube. 

The maximum displacement of the line depends to some 

extent on the potential difference between the terminals of 

the discharge tube; but it does not increase nearly so quickly 

as the square root of that potential difference, as we should 

expect if even the most rapidly moving particles could give 

out the line: the relation between the displacement and the 

potential difference is given in the following table due to 

Stark and Steubing.- In this table r is the ratio of the kinetic 

energy of a particle moving with a velocity v calculated by 

the Ddppler formula (p. 90) to the kinetic energy the 

particle would possess if it fell when carrying one charge 

through the potential difference between the terminals of the 

discharge tube. 

Potential Difference r. 

in Volts. 

390 -907 

425 '563 

1 “ Ann. der Phys.,” 27, p. 599. 2 Ibid,^ 28, p. 974. 
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Potential Difference r. 

in Volts. 

555 •824 

600 716 

1200 •622 

3000 •358 

4000 •309 

4000 •402 

7000 •274 

Stark indeed suggests that his observations are compatible 

with the view that the deflections approach a limit corresponding 

to a velocity about i’5 x lo® cm./sec. and do not exceed this 

however large the potential difference between the terminals in 

0 OJ 02 0.3 0.^ OS OS 0*7 0*8 

Fig. 46. 

the discharge tube may be. The distribution of intensity in the 

displaced line is very complicated and seems to be affected by 

the purity of the gas as well as by the potential difference 
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between the terminals in the discharge tube. Paschen ‘ was 

the first to obseiw'e that there are in some cases two maxima 

of intensit}^ in the displaced line, and this has been confirmed 

by the experiments of Stark and Steubing “ and of Strasserri 

The distribution of energy^ determined by Hartmann s micro¬ 

photometer of the Hj line in ver>' pure hydrogen is shown in 

Fig. 46, taken from Strasseris paper. The first peak represents 

the intensit}^ of the undeflected line, the other two the intensities 

of the deflected. Gehrcke and Reichenheim ^ have suggested 

that the atom and the molecule of hydrogen give out the same 

line spectrum and that the most deflected maximum is due to 

the atoms, the other to the molecules. If the atom and the 

molecule acquired the same kinetic energy by falling through 

the potential difference between the terminals of the discharge 

tube, the velocity of the atom would be J2 times that of the 

molecule and Gehrcke and Reichenheim found in the plates 

that came under their observation that the ratio of the dis¬ 

placements of the two maxima was approximately equal to 

^2. This, however, does not seem by any means always to 

be the case, as the following table, taken from a paper by 

Stark,^ of the results obtained by different observers, shows. 

Ratio of Displacements of the Two Maxima. 

Observer. 

175 Stark and Steubing 

1*65 Paschen 

i*SS 
1*50 Stark and Steubing 

1-63 Paschen 

^ “Ann. der Phys.,” 23, p. 247, 1907. 

^Ibid,, 28, 978. 31, 890, 1910. 

Verb. d. Deutsch. Phys. Ges.,” 12, p. 414, 1910. 

5 Ibid., 12, p. 711, 1910. 
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Observer. 

1-45 Strasser 

1-40 jj 

1-37 Stark and Steubing. 

The photographs taken of the positive rays under electric 

and magnetic forces show also that in certain cases the velo¬ 

cities of the particles are grouped round certain values, for we 

find that some of the parabolas have a very decided beaded 

appearance: each bead corresponds to a group of particles 

moving with pretty nearly the same velocity. An example 

of this is shown in Fig. 17, Plate L The intensity curve cor¬ 

responding to the Doppler effect ought to have the same type 

of variations in intensity as these parabolas, and a beaded 

parabola ought to give rise to a Doppler curve with as many 

maxima as there are beads on the parabola. Sometimes these 

beads on the parabolas are quite numerous. 

It is remarkable that the parabola corresponding to the 

atom of hydrogen is often beaded in such a way that the 

velocity of the particles producing one bead is to that produc¬ 

ing the other as J2:i, Thus to explain the maxima in the 

Doppler curve with displacements in this proportion it is not 

necessary to assume that the molecules give out the same 

spectrum as the atom. The occurrence of singly charged 

atoms of hydrogen with velocities in this proportion of J2 to 

I might be accounted for in some such way as the following: 

the atoms with the larger velocity have been charged atoms 

during the whole of their career; they were atoms before they 

passed through the cathode and continue in this state after 

emerging from it; the atoms with the smaller velocity were 

part of a charged molecule before passing through the cathode; 

the molecule would only acquire a velocity ij J2 that of 

the atom. After passing through the cathode and before being 

deflected by the electric and magnetic fields this charged mole- 
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cule breaks up into two atoms, one with a positive charge while 

the other is uncharged. 

The Ddppler effect we have been considering is that shown 

by the ‘‘series spectrum” of hydrogen. In addition to this 

spectrum hydrogen gives a second spectrum containing a great 

number of lines, and this spectrum is developed, though 

not so brightly as the series spectrum, when positive rays pass 

through hydrogen. Stark has shown, and his results have 

been confirmed by Wilsary that the lines in the second spectrum 

of hydrogen do not show the Doppler effect with the positive 

rays. We infer from this that the second spectrum of hydrogen 

is not due to any of the constituents of the positive rays. 

This result illustrates the importance of this method for ques¬ 

tions relating to the origin of spectra. 

Another illustration of this is the case of oxygen. Oxygen 

gives a series spectrum, a spark spectrum which has not been 

resolved into series, and some banded spectra. All these 

spectra are emitted when oxygen positive rays pass through 

oxygen, the spark spectrum being the brightest With oxygen 

it is the spark lines that show the Doppler effect. Wilsar 

and Paschen could not detect any such effect with the series 

lines. Stark, however, who used very large dispersions, found 

the effect in some of the lines; the intensity of the displaced 

lines was, however, very small compared with that of the 

undisplaced lines, while in the spark lines the displaced 

intensity ^ is quite comparable with the normal intensity. 

Nitrogen has a line spectrum which has not been resolved 

into series, and some banded spectra. The line spectrum and one 

of the banded spectra are found where nitrogen positive rays 

go through nitrogen; the banded spectrum does not show the 

^ Stark, “ Ann. der Phys.,” 21, p. 425, 1906. 

2 “ Ann. der Phys.,” 39, p. 1251, 1912. 

3 Paschen, “Ann. der Phys.,” 23, p. 261, igoj. 
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Doppler effect. Some of the lines in the line spectrum show 

it very distinctly, while it is quite absent from others (Her¬ 

man, Wilsar). A very interesting point about the effect in 

nitrogen is that even for those lines which show the effect the 

value of AX/X is not constant. Wilsar gives the following 

table for the Doppler effect for some of the nitrogen lines :— 

Wave Length. TYIIx 

5002*9 11*4 

4643-4 10*35 

4630-9 10*14 

4530-3 10*60 

3995-2 6*90 

Thus the effect for the line 3995’2 is much less than for 

any of the others showing that the velocity of the source of 

this line is considerably less than that of the sources of the 

others. The different states in which nitrogen occurs in the 

positive rays are atoms with two charges, atoms with one 

charge, molecules with one charge, and in exceptional cases 

atoms with three charges and a tri-atomic molecule with one 

charge. If the majority of the lines were given out by the 

doubly changed atom and the line 3995 *2 by the singly charged 

one we should get relative values of AX/X, approximately 

equal to those in the preceding table. 

Stark^s experiments have shown that the source of the 

series lines is one of the constituents of the positive rays: the 

question is, which constituent We have seen that in hydrogen, 

for example, we have positively and negatively charged atoms, 

as well as neutral ones: we have also positively charged and 

neutral molecules. There is considerable difference of opinion as 

to which of these is responsible for the series lines in the 

hydrogen spectrum. All theories concur in r^rding the 

atom and not the molecule as the source of these lines, but 

^ “ Phys. Zeit.,” 7, p. 568, 1906. 
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according to Wien’s theor\' the atom radiates when in the 

neutral state, while Stark maintains that the radiation is emitted 

when the atom has a positive charge : according to his view 

the lines emitted by the neutral atom are far away in the ultra¬ 

violet. 

The pressures at which spectroscopic obsen’ations have 

been made are so high that an atom is continually passing 

backwards and forwards between the neutral and charged con¬ 

ditions. It is thus a matter of great difficulty to determine 

whether the atom emits the lines in one state or the other, 

and there is, I think, at present no experiment which is abso¬ 

lutely decisive between the two views. Thus, for example, it 

is found that the Ddppler effect is increased when the positive 

rays are exposed to an accelerating potential after passing 

through the cathode. This, however, does not prove that the 

particles are charged when giving out the light, for the particles 

which are uncharged at one time have at other times a positive 

charge and so would be accelerated. 

Perhaps the strongest argument in favour of the radiating 

particles being positively charged is that in certain cases, as 

Reichenheim has shown, the anode rays (see p. 84) show the 

Ddppler effect, but even this is not conclusive, as some of the 

positively charged particles might have been neutralized after 

they had acquired their high velocity under the electric field. 

There is another view as to the origin of the radiation 

which explains in a simple way some of the characteristic 

properties of the Dbppler effect: this is that the light is given 

out by particles which have just been neutralized by union 

with a n^atively electrified corpuscle. The corpuscle falls 

into the positively charged atom and the energy gained by the 

fall is radiated away as light On this view the intensity 

of the light should vary with the number of recombinations 

of positive ions and n^ative corpuscles. Let be at any 

7 
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instant the number of neutral particles per unit volume moving 

with i^elocity V, / the number of positive particles moving 

with the same velocity, X the number of corpuscles in the 

tract of these particles per unit volume. 

Then the numt^r of recombinations per second will be 

p'Sfiv) 

when/(c*) is a function of v which will vanish when v is very 

largCj for recombination will not take place if the relative 

velocity of the fX)sitive particle and the corpuscle exceeds a 

certain value. 

The number of neutral particles ionized per second will be 

fiSYiv) 

where F(c/) is a function of v which vanishes when v is very 

small, for if the particle is to be ionized by a collision the 

relative velocity of the particle and corpuscle must exceed a 

critical value. 

When the composition of the beam of positive rays has 

become steady the number of ionizations must equal the 

number of recombinations, hence 

p:RfCc^)^nY{¥{v) 

and therefore 
f{v)+¥(y) 

Sincey^z^) = o when v = infinity and F(z;) = o when v — o,f(v)¥(v) 

will have a maximum for a certain value of which will not 

however depend on the potential difference between the 

electrodes in the discharge tube. The factor the total 

number of positive rays charged or neutral whose velocity is 

z/, will also be a function of v and this function will depend 

upon the value of E, the potential difference between the 

electrodes in the dischai^e tube, for evidently if E increases, 

the value of v for which / + ^ is a maximum will increase too. 

On the view we are considering, the intensity of the light 

showing a Doppler effect corresponding to the value v will be 
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proportional to the number of recombinations of positive ions 

moving with this velocity with negatively electrified corpuscles. 

It will thus be proportional to pSf{v) which we have seen is 

equal to 

... „ f 1 N 

The second factor in this expression 

fv) + F(zf) 

has its maximum value for a value of v which does not depend 

upon the potential difference: the other factor {p-^n) does 

depend upon this potential difference. Thus the value of o 

for which the product of these factors is a maximum will 

depend to some extent on Ej but since the value of v which 

makes one of the factors a maximum is quite independent of 

E we should expect that the variation with E of the velocity 

which makes the product a maximum would be smaller than 

the variation in the average velocity of the particles in the 

positive rays. 

Again since F(c;) vanishes when v is less than a certain 

value Vq there will be no light showing a Doppler effect cor¬ 

responding to a velocity less than thus there will be a dark 

space between the original line and the displaced lines. This 

also is in accordance with the observations. Since /(v) 

vanishes when v is greater than a certain value v, there will 

be no Doppler effect showing a greater displacement than 

that corresponding to v. Though it has not perhaps been 

absolutely proved there are strong indications that the 

Ddppler effect cannot be increased beyond a certain definite 

value, however large the potential applied to the discharge tube 

may be. 

The spectroscopy of the positive rays suggests some very 

interesting questions, as, for example, what kind of light do the 

7^ 
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molecules emit? In the positive rays in hydrogen the mole¬ 

cules frequently outnumber the atoms, but no radiation that 

can be attributed to the molecules has yet been detected. The 

second spectrum of hydrogen is there, but as it does not show 

the Doppler effect it cannot be due to the molecules. It would 

seem as if the molecules must either give rise to a continuous 

spectrum or else to one in the infra red. 

As the second sp^tnim of hydrogen is present when the 

positive rays pass through a gas, but does not show any dis¬ 

placement, it must arise from some process in which the moving 

particles do not take part, such for example as the combination 

of a positive atom with a negative one (not with a corpuscle) 

to form a neutral molecule. 

Stark ^ has detected by the increased Doppler effect lines 

due to the doubly and triply charged atoms of mercury and 

to the doubly charged atom of helium. He finds that the lines 

given out by the multiply charged atoms belong to different 

series in Paschen and Runge’s classification from those given 

out by atoms with only one charge. 

When positive rays produced in a gas K pass through a 

gas B the spectra of both A and B are given out: Wilsar, 

^'Phys. Zeitschr.,” I3, p. 1091, and Fulcher {ibid, 13, p. 224), 

have shown that all the lines of A are displaced while all those 

of B are in their normal position. A bibliography of the 

Doppler effect in the Positive Rays has recently been published 

by Fulcher, “ Jahrb. d. Radioaktivitat,” X, p. 82, 1913. 

SPECTRA PRODUCED BY BOMBARDMENT WITH 

POSITIVE RAYS. 

The spectra produced when the positive rays strike salts 

of the alkali metals are very interesting. The salts give 

^ “ Ann. der Phys.,” XL, p. 499, 1913; XLII, p. 241,1913, 
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out the lines of the alkali; for example Li Cl give out the red 

lithium line and sodium salts the D line. It is remarkable that 

the lines due to the metal are more easily excited in the salts 

than in the metal themselves. Thus if the liquid alloy of scxiium 

and potassium is bombarded by positive rays the specks of 

oxide on the surface glow brightly with the sodium light 

while the clean surface remains quite dark. Some obser\’ers 

have noticed what seems a similar effect with hydrogen, viz. 

that the hydrogen lines are more easily excited in water 

vapour than in pure hydrogen. The fact that in the positive 

ray photographs, the parabolas corresponding to a certain 

type of ray, for example the carbon or oxygen atom with two 

charges, is more easily developed from compounds than from 

the molecules of the gases themselves is probably connected 

with this effect. 

The production of spectra by bombardment with cathode 

rays has been investigated by Gyllenskold (“ Ark. f. Math. Ast 

oet Fys./’ 4, No. 33, 1908), and by Stark and Wendt (‘'Ann. 

der Phys./’ 88, p. 669, 1912) who have shown that the colour¬ 

less salts of the alkalies and alkaline earths and also of thallium, 

zinc, and aluminium give out the series lines of the metal when 

struck by the positive rays and that the lines given out do not 

depend upon the character of the salts. According to Stark 

and Wendt the seat of the emission is not the surface of the salt 

itself but a layer of gas, less than i mm. thick, close to the 

surface. This layer is analogous to the velvety glow which 

covers the surface of the cathode where an electric discharge 

passes through a gas at a low pressure. 

To develop the spectrum of the metal the positive rays 

must have more than a certain critical amount of energy 

depending on the nature of the salt. The values of V, this 

critical energy, measured by the number of volts through 

which the atomic charge must fall to acquire it, have been 
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measured by Stark and Wendt and are given in the following 

table:— 

Metal. Sait. Light given out. V. 

Lithium chloride red 600 

oxide red 600 

A 6710 <[800 

Sodium chloride yellow light 750 
Potassium chloride and oxide A 580 <;2400 

Rubidium sob-oxide A 572 <3500 

Csesium chloride A 566 <4500 
Magnesium chloride A 518 <^1200 

Calcium fluoride red violet light 150 

carbonate 1500 

sulphate 1500 

oxide 5> 1400 
Strontium chloride X 496 <^2500 
Barium ^ 554-493 <[2500 
Thallium sulphate )^535 4500 
Aluminium oxide X 396 <4500 

Zinc ^475 <^4600 

It must not be supposed that the amounts of energy given 

in the last column represent the minimum amount required to 

excite the particular kind of light given in the third column. 

When energy has to be transferred from a charged atom to 

a corpuscle, the latter only receives a very small fraction of 

the energy of the atom, thus a very small fraction of the 

energy of the positive rays may be transformed into a kind 

available for light production. 

Gyllenskold observed that in addition to the D lines sodium 

chloride gives out a series of bands in the blue and Stark and 

Wendt have shown that for this to occur the energy of the rays 

must exceed a critical value which in most cases is less than 

that required to excite the line spectrum. 

DISINTEGRATION OF METALS UNDER THE 

ACTION OF POSITIVE RAYS. 

W'hen positive rays strike against a metallic surface, the 

metal disintegrates and forms a deposit on the walls of the 
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tube surrounding the metal A well-known instance of this 

is the “ splutteringof the cathode in a vacuum tube ; another 

is obser\^ed when working with an apparatus like that shown 

in Fig. 10; after long use the thin metal tube which passes 

through the cathode gets worn away at the end nearest the 

discharge tubCj as if it had been struck by a sand blast. 

Sometimes several millimetres of the tube are destroyed in 

this way. An excellent account of the very numerous ex¬ 

periments which have been made on the spluttering of the 

cathode will be found in a report by Kohlschiitter (“ Jahrbuch 

der Radioaktivitat/' July, 1912). 

The experiments of Hoi born and Austin, Granquist, and 

Kohlschiitter indicate that with a constant current w the loss 

of weight in a given time may be represented by a formula 

of the type 

ti;=a-(V-S) 
n 

where V is the cathode fall of potential, A the atomic weight 

of the metal, n a small positive integer, and a and S quantities 

which are much the same for all metals, or at any rate the 

metals can be divided into large classes and a and S are the 

same for all the metals Hn one class. For a current of *6 

milliamperes, Holborn and Austin found that for all the 

metals they tried S was 495 \’oits. We see that a formula of 

this type implies that there is no spluttering unless the 

cathode fall of potential exceeds a definite value S and this 

seems to be verified by experience. 

The experiments of Holborn and Austin, Kohlschiitter 

and others have shown that this expression for the loss of 

weight of the cathode fails when V exceeds a certain value, 

for hydrogen this value seems to be so low that the expres¬ 

sion fails before the loss of weight becomes measurable. 

The loss of weight of the six metals Al, Fe, Cu, Ft, Ag, 
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All have been measured by Kohlschiitter and Muller (“ Zeit- 

schr. f. Elektroch./' 12, 365, 1906) and Kohlschiitter and Gold¬ 

schmidt '/Md. 14, 221, 1908) in the gases H*i, He, N2, O-i and 

Au, under as nearly as possible identical electrical conditions. 

They found that for all gases the amount of weight lost was 

in the order in which the metals are written above, gold 

always losing the greatest amount and aluminium the least. 

For the same metal in different gases the loss of weight 

followed the order of the atomic weight of the gases, the loss 

ill hydrogen being least and that in argon greatest. This 

may be connected with the fact that (see p. 47) elements of 

high atomic weight acquire multiple charges of electricity 

more easily than the lighter-elements, and atoms with a multiple 

charge have more energy when they strike against the cathode 

than those which have only one charge. It is easy to under¬ 

stand in a general way why particles with the large amount 

of energy’' possessed by the positive rays when they strike 

against an atom in the cathode might communicate to it 

sufficient energy to enable it to escape from the cathode. A 

complete theory, however, is lacking, and one which would 

explain some of the more striking facts, such as why the 

value of S is so nearly the same for metals of very different 

physical and chemical properties, would probably throw a good 

deal of light upon some important properties of the atom. 

Dechend and Hammer (“Zeitschr. f. Elektroch.,” 17, 235) 

allowed the positive rays produced in sulphuretted hydrogen 

to pass through a perforated cathode and after deflection by 

magnetic and electric fields to fall upon a plate of polished 

silver, they could detect the parabolas on the plate, but while 

the parabolas due to hydrogen were so faint that they could 

only be detected as breath figures, those due to the heavier 

atoms, presumably sulphur, had so affected the plate that they 

could not be removed either by acid or rubbing. The great- 
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est effect, however, was produced by the undeviated ra}’s. 

Ill addition to the effects produced when the positive rays 

strike against a metal plate there is, as Schmidt has shown, a 

general oxidation over the surface when the metal is oxidiz- 

able and when the gas surrounding it contains oxygen. The 

passage of the positive rays through the oxygen produces 

atomic oxygen which is ven^ active chemically and which 

attacks the plate. If, on the other hand, an oxidized plate 

is placed in hydrogen and exposed to the action of positive 

rays the oxide is reduced, the rays produce atomic hydrogen 

which acts as a strong reducing agent. 

Some of the atoms constituting the positive rays seem to 

enter a metal against which they strike, and either combine 

with the metal or get absorbed by it Helium, neon, and 

mercury vapour seem especially noticeable in this respect. If 

a cathode has once been used for any of these gases, positive 

rays corresponding to these elements will be found when the 

cathode is used with other gases, and it requires long continued 

discharge and repeated fillings with other gases before they 

are eliminated. 

A very valuable Bibliography of Researches on Positive 

Rays has been published by Fulcher (Smithsonian Miscellane¬ 

ous Collection, 5. p. 295, 1909). 
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CHEMICAL ANALYSIS. 

I. We shall now proceed to show how the method of 

fx)sitive rays supplies us with a very powerful method of 

chemical analysis, and how from the study of the positive 

ray photographs we are able to determine the different kinds 

of atoms and molecules in the discharge tube. Each atom or 

molecule in the discharge tube produces a separate parabola 

on the photographic plate and if we measure these parabolas 

then by means of the formula 

m X B" 

we can determine the value of ejfn for the particles producing 

any of the parabolas which occur on the photographic plate. 

We know, too, that the charge e is either the ionic charge, 

whose value on the electrostatic system of units is 4*8 x lo " 

or some multiple of it. We have, too, as we shall see, the 

means of determining what this multiple is. As we can deter¬ 

mine the value of e and since we know by the measurement 

of the parabola the value of ej^n we can deduce the value of 7n 

and thus determine the masses of the particles forming the 

positive rays. As these particles are the atoms and molecules 

of the gases in the discharge tube it is evident that in this way 

we can determine the atomic or molecular weight of the 

gases in the positive rays. We can thus identify these gases 

as far as can be done by the knowledge of their atomic weight. 

The study of the photographs gives us in fact the atomic 
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weights of the various gases in the tube and thus enable- ii- 

to determine the nature of the contents of the tube. W’e 

can thus analyse a gas by putting a small quantity of it into a 

discharge tube and taking a photograph of the positive rays. 

This method of analysis has many advantages. In the first 

place only a very small quantity of gas is required^ the total 

amount of gas in the discharge tube of the size described on 

page 16 would only occupy about *oi cc. at atmospheric pressure 

and a constituent present to the extent of only a veiy’ small 

percentage would give well defined parabolas. If there is a 

new gas in the tube it is indicated by the presence of a new 

parabola, but this parabola does far more than show that 

something new is present, it tells us what is the atomic weight 

of the new constituent. Let us compare for a moment the 

method with that of spectrum analysis. We might detect a 

new gas by obsendng an unknown line in the spectrum when 

the electric discharge passed through the gas. This observ’a- 

tion would, however, tell us nothing about the nature of the 

substance giving the new line, nor, indeed, whether it arose 

from a new substance at all: it might be a line given out 

by a well-known substance under new electrical conditions. 

Again, if a substance is only present to the extent of a few per 

cent it very often happens that its spectrum is completely 

swamped by that of the more abundant substance: thus, for 

example, in a mixture of helium and hydrogen we cannot 

observe the helium lines unless the helium is a considerable 

percentage of the mixture. 

This is not the case with the positive rays, or at any rate 

not to anything like the same extent; the presence of one per 

cent of helium would be very easily detected by the positive 

rays. The method, too, is more sensitive than that of spectrum 

analysis. With the apparatus described above the helium in i cc. 

of air, Le. about 3 x 10“^ c.c., could be detected with great 
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ease even when it formed only about one per cent of the 

mixed gases in the tube. No special attention was paid to 

making this particular apparatus specially sensitive. To get 

the best results the size of the tube running through the 

cathode has to be chosen with reference to the distance of the 

photographic plate from the cathode, and other circumstances; 

this was not done in the apparatus under discussion, nor were 

the photographic plates used of any special sensitiveness ; by 

attention to these points the sensitiveness of the method could 

very materially be increased. 

Again the method of the positive rays enables us when we 

have found the substance to say whether the molecule is 

monatomic or diatomic; if it is diatomic we shall have two 

new parabolas, one indicating particles with a mass twice that 

of the picartles producing the other; if the molecule is mon¬ 

atomic there will be only one parabola unless the particle 

acquire a double charge and the presence of this extra charge 

can be recognized by the tests previously described. The 

method of the positive rays has the advantage of revealing the 

presence of the molecules of compound gas as well as the 

atoms and molecules of elementary substances. Since differ¬ 

ent compounds may have the same molecular weight there is 

sometimes ambiguity in interpreting the photographs produced 

by the positive rays; for example, CO2 and N2O produce the 

same parabolas as also do CO and N^. In such cases to find 

out the origin of such a parabola we must repeat the experi¬ 

ment under different conditions; for example, if we put some¬ 

thing in the tube which absorbs CO2 and not NgO and find that 

the parabola disappears, we conclude that it was due to CO2; 

if it does not disappear it is not due to CO2, but to N2O or 

some other compound with the same molecular weight. 

2. The ambiguity as to whether a line with a value of 

mje equal say to 8 {mje for the hydrogen atom being taken 
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as unity) is to be ascribed to an atom with atomic weight 8 

carrying a single charge or to one with an atomic weight 16 

carrying two charges or to one with atomic weight 24 with three 

charges may be removed by the considerations given on page 

47. For example, if the particle producing this parabola A 

carries a double charge there will be another and more intense 

parabola B for which the value of ejm is twice that for A, and the 

parabola B will have a prolongation towards the vertical axis, 

the distance of the head of this prolongation from the vertical 

axis being half the distance of the heads of the normal para¬ 

bolas (see p. 47). If A represents a particle with a threefold 

charge there will be another stronger parabola B for which 

ejm has three times the value corresponding to the parabola A, 

and B will have a prolongation towards the vertical axis ex¬ 

tending to one third of the normal distance. 

3. For the purposes of Chemical Analysis it is not neces¬ 

sary to use the elaborate apparatus shown in Fig. 10, the 

simpler one showm in Fig. 6 is all that is required for this 

purpose. The more elaborate apparatus is only required when 

we require to know accurately the values of the quantities 

A and B which occur in the expression for ejm. 

For the determination of the masses of the particles pro¬ 

ducing the different parabolas the measurement of the quantities 

A and B is unnecessaryJf we can recognize the particle which 

produces any particular parabola. For since A and B are the 

same for all the parabolas, then for any two parabolas we have 

by the equation on page 106 

{elm\ ^ 7^ 
{elm\ 

when (elm)^ are the values of efm, for the particles pro¬ 

ducing the parabolas (i) and (2) respectively, (^2/2) ^ire 

the co-ordinates of any point on the first and second parabolas 

respectively. 
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If the points on the two parabolas have the same values of 

X so that x- = -to 

then 

jC- 

if the charges are the same 

As the line corresponding to the atom of hydrogen occurs 

on all the plates and can at once be recognized by being the 

most deflected line on the plate, the value of {ejm) for the 

particles producing any parabola can be at once, by the aid of 

this formula, compared with the value of this quantity for an 

atom of hydrogen and the masses of the various particles 

thereby determined. 

A convenient instrument for making the necessary measure¬ 

ments is shown in Fig. 14. The plate is inserted in the holder 

A. The camera is arranged so that the direction in which 

the rays are deflected by the magnetic force alone (the vertical 

axis in the preceding figures) is parallel to the longer side of the 

photographic plate. The deflection due to the electrostatic field 

is at right angles to this and parallel to the shorter side of the 

plate. The plate is placed in the holder so that the axis of no 

electrostatic deflection is parallel to B, and that of no magnetic 

deflection perpendicular to BB. A needle NN whose point 

comes close to the plate is placed in the carrier C which can 

move parallel to BB by sliding along BB, and perpendicular 

to it by means of the screw S, the position of the carrier is read 

by two verniers and Vg. There is always a circular patch of 

some size on the plate at the place, where the undeflected par¬ 

ticles hit the plate: the zero is at the centre of the spot. By 

putting the needle first at the centre of the spot, then moving 

the carrier through a certain distance perpendicular to BB by 

the screw S, and sliding the carrier parallel to BB until the 
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needle comes on the parabolas in turn, the values of r for 

the different parabolas corresponding to a constant value of 

X can be measured. 

The equation page 11 o theri enables us to find the ratio 

of the masses of the particles producing the different parabolas. 

We can avoid any uncertaint}’ as to the position of the zero by 

taking two photographs, the electrostatic field remaining the 

same in the two, while the magnetic field in the first photograph 

is equal in magnitude but opposite in direction to that in the 

second. Thus each kind of particle will now give two para¬ 

bolic arcs, as in Fig. 38, and the distance between two points 

AB situated on the same vertical line will be twice the vertical 

deflection due to either magnetic field. As these arcs are much 

finer than the central spot, the distant AB can be measured 

with greater accuracy than either deflection separately. 

The advantages of the method are illustrated by the photo¬ 

graphs reproduced in Figs. 47 and 48, Plate IV. These re¬ 

present the parabolas obtained when the discharge passes 

through the residues of liquid air; Fig. 47 represents the 

curve for the residues which had been treated so as to include 

the heavier constituents of the atmosphere; Figs. 48, Plate 

IV. and 49, Plate V. when the treatment had been such as to 

retain the lighter constituents. 

When the plate for the heavier gases is measured up, it 

shows a faint line corresponding to the atomic weight 128 

(xenon), a very strong line corresponding to an atomic weight 

82 (krypton), a strong argon line 40, and the neon line 20. 

There are no lines on the plate which cannot be ascribed to 

known elements, and hence we may conclude that in the atmo¬ 

sphere there are no unknown gases of large atomic weight 

occurring in quantities comparable with those of xenon and 

krypton. This is a good example of the convenience of this 

method of analysis, for a single photograph reveals at a glance 

all the gases in the sample analysed. This photograph shows 
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very plainly the existence of multiply charged atoms of the 

monatomic gases. The neon parabola extends towards the 

vertical to within half the normal distance of the heads of the 

parabolas; this shows that some of the neon atoms carry a 

double charge, and this is confirmed by the presence of a line 

on the plate for which has twice the value corresponding 

to the neon line. The argon parabola approaches the vertical 

even more closely than that representing neon, as it begins at 

a distance from the vertical only one-third the normal dis¬ 

tance, showing the argon atom can have as many as three 

charges. The kr}’pton line approaches to within one-quarter 

of the normal distance showing that the krypton atom may 

have as many as four charges. We see from this how the 

maximum charge acquired by atoms of elements belonging 

to the same group increases with the atomic weight of the 

element 

Let us now consider the photograph taken with the lighter 

constituents {Fig. 48, Plate IV.): here we find the line cor¬ 

responding to helium; to neon, this is very strong and there is 

also a line corresponding to the neon atom with a double charge ; 

to argon, and in addition there is a line corresponding to an ele¬ 

ment with an atomic weight 22. A molecule of carbonic acid 

with a double charge would give a line in this position, but 

this cannot be the origin of the line as the carbonic acid can be 

removed from the gas without producing any change in the 

brightness of the line. This line is much fainter than the 

neon line so that in the atmosphere the quantity of the gas 

which is the source of this line is small compared with that of 

neon. 

The origin of this line presents many points of interest: 

there is no recognized element with this atomic weight, nor 

are there any compounds of recognized elements which would 

satisfy these conditions. It must, I think, be a new element. 
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For though the compound would have the re¬ 

quired mass, there is strong evidence that the line is due to 

an element Thus we find on the plate another line for m^hich 

m/e =11, and the line for which m^e = 22 has a prolongation 

half way to the axis, showing that the particle exists with a 

double charge: this is a frequent occurrence with an atom of 

an element but I do not know of any case of a molecule of a 

compound possessing more than one charge. 

If we accept Mendeleefs table there is no room for an 

element with such an atomic weight as 22 unless we suppose 

that near neon we have a group of two or more elements 

with similar properties, just as in another part of the table 

there is the group iron, nickel, and cobalt. 

Mr. F. W. Aston has made at the Cavendish Laboratory 

many attempts to separate this new gas from neon whose 

atomic weight is 20. The method he first tried was to frac¬ 

tionate a mixture of the two gases by means of their absorp¬ 

tion by cocoanut charcoal cooled by liquid air. This absorption 

in the case of most gases increases with the atomic w^eight, and 

though the difference between 20 and 22—the atomic weights 

of the two gases in the mixture—is but small, he devised an 

apparatus by means of which the absorption was repeated so 

frequently that if there had been as great a difference in the 

absorption as from the analogy with other gases we might 

have expected from the difference in their atomic weights, the 

proportion between neon and the new gas would have been 

appreciably altered by the treatment. He could, however, 

find no difference whatever in this proportion before and after 

fractionation. To measure this proportion he used two 

methods, (i) by comparing the intensity of the two lines in 

the positive ray photograph and (2) by measuring the density 

of the mixture by means of a specially constructed quartz 

balance which would have detected an alteration of very few 

8 
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p^r cent in the proportion between the two gases. We con¬ 

clude, therefore, that the physical properties of the two gases 

are much more nearly equal than we should have expected 

from their atomic weights. 

Another method of fractionation used by Mr. Aston was 

more successful, this was to allow the mixed gases to diffuse 

through a porous substance such as the stem of a clay tobacco 

pipe. The lighter constituent diffuses faster than the heavier one 

and by this means he obtained sufficient alteration in the pro¬ 

portion between the two gases to produce appreciable changes 

in the relative brightness of the two lines on the positive ray 

photograph, and changes in the density large enough to be 

detected by the quartz balance. No difference, however, could 

be observed in the spectrum of the mixture, and this in con¬ 

junction with the failure of the cooled charcoal to produce any 

separation gives some grounds for the suspicion that the two 

gases, although of different atomic weights, may be indis¬ 

tinguishable in their chemical and spectroscopic properties. 

There are several products of radio-active transformations 

such as radio-lead and thorium which have different atomic 

weights and are supposed to be inseparable from each other 

by any chemical process. 

As another example of the method we will take its appli¬ 

cation to the investigation of the gases given off when solids are 

bombarded by cathode rays. The apparatus used for this is 

shown in Fig 13. B is the vessel in which the positive rays are 

produced. A is a vessel communicating with B by two tubes, 

one of which is a very fine capillary tube while the other is 5 

or 6 mm. in diameter ; taps are inserted so that one or both of 

these tubes may be closed and the vessels isolated from each 

other. The vessel A contains a curved cathode such as are 

used for Rontgen ray focus tubes, and the cathode rays focus 

on the platform on which the substance to be bombarded is 
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Fig. 49. 

The line corresponding to the element with atomic weight 22 can be seen just 
under the neon line which is the strong line on the top at the right hand 
side. 
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placed. After the metal or other solid under examination 

has been placed on the platform, the taps between A and B 

are turned and A is exhausted by a Gaede pump until the 

vacuum is low enough to give cathode rays. The electric 

discharge is then sent through A and the solid on the plat¬ 

form bombarded. The result of the bombardment is that in 

a few seconds so much gas, mainly COg and hydrogen, is 

driven out of the solid that the pressure gets too high for the 

cathode rays to be formed, and unless some precautions to 

lower the pressure were taken the bombardment would stop. 

To avoid this a tube containing charcoal cooled by liquid air 

is connected with A, the cooled charcoal absorbs the CO« and 

enough of the hydrogen to keep the vacuum in A low enough 

to give cathode rays. 

To see what gases are given off in consequence of the bom¬ 

bardment, a photograph of the positive rays is taken when 

the connexion between A and B is cut off. After this is 

finished, and -when the bombardment has gone on for several 

hours^ the taps between A and B are turned and the gas from 

A is allowed to go into B; another photograph is taken. The 

lines in the second photograph which are not in the first repre¬ 

sent the gases which have been liberated from the solid by 

the bombardment with cathode rays. Fig. 50, Plate V., repre¬ 

sents two such photographs; (a) that taken before turning the 

tap and (^) after. In (i) there are the following lines which 

do not occur in (a): (i) a very strong line corresponding to a 

substance with atomic weight 3 ; (2) one corresponding to 

helium, atomic weight 4, generally much fainter than the 3 line, 

and (3) lines representing neon with one and two charges. The 

amount of helium and neon are so small that their spectral 

lines were not visible when the discharge through the tube 

was examined with the spectroscope. Nearly every substance 

I have tried, including platinum, palladium, aluminum, copper, 

8^ 
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zinc, iron, nickel, silver, gold, lead, graphite, diamond dust, 

lithium chloride, two specimens of meteorites and a large 

number of metallic salts, give out, when first they are bom¬ 

barded, helium as well as the substance giving the 3 line; the 

amount of helium given off generally falls off very consider¬ 

ably after the bombardment has been prolonged some hours ; 

the substance giving the 3 line is, however, much more per¬ 

sistent, and in some cases, for example that of KHO, the 

bombardment may be prolonged for several weeks without 

any diminution in the rate of evolution of the gas. 

The presence of mercury vapour in the vessel A diminishes 

very much the intensity of the 3 line; hence we may con¬ 

clude, I think, that the substance which gives the 3 line 

combines with mercury vapour when an electric discharge 

passes through.a mixture of the two gases. Another case 

where the presence of one gas causes the disappearance of the 

lines due to another is that of oxygen and mercury vapour ; 

the mercury lines are not seen in the photographs of the 

positive rays when the gas in the tube is mainly oxygen, 

although with most gases these are about the strongest lines on 

the photographic plate. The disappearance of the mercury 

lines in this case may easily be explained by the combination 

of the mercury vapour with the oxygen. 

ON THE NATURE OF X3 THE SUBSTANCE GIVING 

THE “3” line. 

The only known substances which could give the line with 

the value of mfe three times that of the hydrogen atom are: 

(1) an atom of carbon charged with four units of electricity, and 

(2) a molecule containing three atoms of hydrogen. The first 

of these alternatives must be abandoned for the following 

reasons: (i) we have seen that a line corresponding to a 
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multiple charge on an atom is accompanied, unless the pressure 

is exceedingly low, by certain peculiarities in the line corre¬ 

sponding to the atom with one charge ; for example, if there 

were a line corresponding to a carbon atom with two charges, 

the line corresponding to the carbon atom with one charge 

would be prolonged until its extremity was only one-half the 

normal distance from the vertical axis; if there were a line 

corresponding to the carbon atom with three charges, the 

ordinary carbon line would be prolonged until its distance from 

the vertical was only one-third of the normal distance, while a 

carbon atom with four charges would prolong the ordinary" 

carbon line to within one-quarter of the distance from the axis. 

Again the greater the charge the less the intensity, so that a line 

due to a quadraply charged carbon atom would be accompanied 

by a stronger line due to a triply charged atom, a still stronger 

one due to a doubly charged atom, while the normal carbon 

line would be the strongest of all. 

Now in the case of the 3 line we do not find any of 

these characteristics ; the carbon line is not prolonged to within 

one-quarter of the normal distance, and so far from the line 

being accompanied by a stronger line due to a doubly charged 

carbon atom, in many of the cases where the 3 line is 

strongest the line due to the doubly charged atom is not strong 

enough to be detected; indeed in some of these cases the 3 

line is stronger than the normal carbon line. 

Again since the gas giving the 3 line can be stored in the 

vessel A for days after the bombardment has ceased, if this 

line were due to carbon with four charges it must be because 

some carbon compound is formed by the bombardment, which 

when introduced into the discharge tube gives, when the dis¬ 

charge passes through it, carbon atoms with four charges. Now 

experiments have been made with a great variety of carbon 

carbons introduced directly into the discharge tube, CH^, CO2, 
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CO, C2H4, CoHg, COCI2, CCI4, and many others, and none of 

these have given this line: we miist therefore abandon this 

solution of the problem. 

I find too that whenever large amounts of X3 are produced 

spectroscopic examination shows that considerable quantities 

of hydrogen are liberated by the bombardment; in fact the 

brightness in the spectroscope of the hydrogen lines in the 

bombardment vessel may be taken as giving a rough indication 

of the brightness to be expected of the X3 line in the positive 

ray photograph. 

Let us next consider the connexion between the produc¬ 

tion of Xg and the nature of the substance bombarded by the 

cathode rays. We get more definite conditions for the bom¬ 

barded body if we use soluble salts instead of pieces of 

metal or minerals. The latter may have absorbed X3 and 

contain stores of this gas in the absorbed state which are 

liberated when the solid is bombarded by cathode rays. If 

we could subject the solid before the bombardment to some 

process by which we could free it from absorbed gas we should 

expect that if the source of the X3 were gas absorbed by the 

solid, the bombardment of a substance which had been treated 

in this way would not give rise to any X3. 

The most effective way of liberating the absorbed gas 

would seem to be to dissolve the solid in a suitable solvent 

and then evaporate the solution to dryness. Those salts 

which are soluble in water or alcohol can readily be treated 

in this way. I have therefore made experiments on a large 

number of soluble salts bombarding them before and after they 

have been dissolved and evaporated to dryness, and testing by 

the positive ray photographs the yield of X3 in each case. Sal- 

ammoniac made by allowing streams of ammonia and hydro¬ 

chloric acid gas was found to give X3 when bombarded; in 

this case the possibility that Xg was absorbed in the salt 

would seem to be excluded. 
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1 find that salts may be divided into two classes with re¬ 

spect to the way in which their evolution of Xj is affected by 

solution and evaporation. One class of salts which includes 

KI. LhCOs ■ KCl give a ver\- much smaller output of X5 after 

this treatment than they did before; the other class which 

includes KOH, LiCl, LiOH, CaCb give much the same output 

after solution as they did before even though they are dissolved 

and evaporated over and over again. The salts of the first 

class do not contain hydrogen, while those of the second 

either contain hydrogen or are deliquescent and thus can 

absorb water from the atmosphere on their way to the bom¬ 

bardment chamber after evaporation. The fact that some 

salts continue to give supplies of Xg after repeated solution 

and evaporation shows I think that Xg can be manufactured 

from substances of definite chemical composition by bombard¬ 

ment with cathode rays, and the fact that such salts contain 

hydrogen either as part of their constitution or in water of 

crystallization suggests that Xg consists of hydrogen and is 

represented by the formula Hg. The other alternative is that 

it is an element produced by the disintegration of some or 

other of the elements in the salt, but this view would not ex¬ 

plain why its production is so closely associated with the 

presence of hydrogen. 

One of the most convenient ways of preparing Xg is to 

bombard potash, KOH, by cathode rays. I bombarded a few 

grammes of potash for several months pumping off after each 

day’s running the gases liberated by the bombardment, these 

consisted of Ho. O2 and Xg and at the end of the time I could 

not detect any falling off in the rate of production of Xg. 

By bombarding the potash, supplies of Xg mixed with 

hydrogen and oxygen were obtained and a series of experi¬ 

ments made with them with the object of discovering some of 

the properties of this gas. The method used to test for the 



130 ^JVS OF POSITIVE ELECTRICITY 

presence of Xg after the mixed gases of which it was a con¬ 

stituent had been subjected to any treatment was to introduce 

a small quantity of the mixed gases into the discharge tube, 

take a positive ray photograph and estimate the brightness of 

the X3 line. Before such experiment the discharge tube was 

well washed out with oxygen and a test photograph taken to 

make certain that no X3 was in the tube before the introduc¬ 

tion of the gas which was to be tested One property of this 

gas, that of combining with mercury vapour when an electric 

discharge passes through a mixture of these gases, has already 

been mentioned. x4nother property was discovered accident¬ 

ally : the mixed gases obtained by bombarding the potash were 

drawn off day by day and stored up for further tests. It was 

soon noticed that some of the samples kept much better than 

others and it seemed possible that this difference might be 

due to differences in the brightness of the light to which the 

samples had been exposed. To test this a piece of magnesium 

wire was burnt in front of a sample which was known to con¬ 

tain a considerable quantity of Xg, with the result that the Xg 

almost disappeared. The gas exposed to the light was a 

mixture of hydrogen, oxygen and Xg, if the oxygen is taken 

out of the mixture by absorbing it with charcoal cooled with 

liquid air, exposure to light produces no effect on the Xg ; the 

conclusion we draw is that under the influence of the light the 

Xg combines with oxygen. If the mixture is kept in the 

dark or if the oxygen is taken out of it the Xg lasts for a long 

time, certainly for several weeks. Again if a strong spark is 

sent through the mixture containing oxygen so that a vigorous 

explosion takes place the Xg disappears, presumably combin¬ 

ing with the oxygen. If the oxygen is removed the mixture 

of hydrogen and Xg will stand a good deal of sparking with¬ 

out any considerable diminution in the amount of Xg. 

The fact that sparking with oxygen destroys the Xg, makes 
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the removal of the hydrogen, which is by far the largest con¬ 

stituent of the mixture, a matter of considerable difficulty. 

The most effective way I know of increasing the proportion of 

Xj is first to remove the oxygen, then to put the mixture of 

H2 and Xg into a vessel to which a palladium tube is attached : 

when the palladium is heated to redness the hydrogen diffuses 

through it much more rapidly than the Xg, though some of 

this gas can get through the palladium. The result is that 

the gas left behind in the vessel contains a much greater pro¬ 

portion of Xg than it did before. The preponderance of H. 

in the original mixture is, however, so great that even by this 

means I have not been able to prepare any sample in which 

the hydrogen was not greatly in excess. 

Another interesting property is that the X3 almost dis¬ 

appears when placed in a quartz tube with some copper oxide 

and the whole heated to a red heat. 

In the tabsence of oxygen and copper oxide Xg may be 

heated to a high temperature without destruction. Summing 

up the results we see that when hydrogen is present in the 

substance bombarded a continuous supply of Xg can be obtained, 

while from substances which do not contain hydrogen the 

supply is soon exhausted. Again, under certain conditions 

such as exposure to bright light, vigorous sparking in the 

presence of oxygen, contact with glowing copper oxide, Xg 

combines with oxygen. These results seem to me to point 

to the conclusion that Xg is tri-atomic hydrogen Hg. If this 

is so, its properties are very interesting. Unlike Og its exist¬ 

ence cannot be reconciled with the ordinary views about 

valency. If, however, we regard an atom of hydrogen as con¬ 

sisting of a positive nucleus and one negative corpuscle, it will 

exert forces analogous to those excited by a magnet and I can 

see no reason why a group of three of these arranged so that 

their axes form a closed ring should not form a stable ar¬ 

rangement. 
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The stability of is much greater than that of ozone 

the latter does not persist for nearly as long as Xg, it breaks 

up at a moderate temperature which would have no effect on 

Xg, and it disapf^ars under a kind of sparking which would 

leave Xg undecomposed. In fact Xg seems more stable than 

any knowm allotropic form of an element. 

Many attempts have been made to obtain spectroscopic 

evidence of Xg by putting mixtures of this gas and hydrogen 

in a quartz tube and photographing the spectrum obtained 

when a discharge was sent through the tube, the electrodes 

were pieces of tin-foil placed outside the tube. Xo lines which 

could be ascribed to Xg were detected, the first and second 

spectra of hydrogen were bright, and in spite of efforts to get 

rid of mercury vapour the mercury lines were visible. 

Bombardment by cathode rays is not the only method of 

obtaining X^. I heated by an electric current in a good 

i?-acuum a fine tantalum wire, such as are used for metallic 

filament lamps, until it fused and found that a considerable 

amount of Xg was given off. Some time ago I found that 

when the discharge from a Wehnelt cathode was sent through 

an exhausted tube Xg was liberated. I have found subse¬ 

quently that it is not necessaiy- to send the discharge through 

the tube, the heating of the cathode is sufficient to liberate this 

gas. Again if a considerable quantity of potash is placed in 

a vacuum and left for some time an appreciable quantity of 

Xg Is liberated. 

EVOLUTION OF HELIUM AND NEON. 

I have examined by the positive ray method the gases given 

off by a great variety of substances when they are bombarded 

by cathode rays,—the substances include most of the metals, 

a considerable number of minerals, and many metallic salts,— 
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and have found in almost every case when cathode rays had a 

high speed that traces of helium were present in the gases 

liberated in this way. The rate of evolution of helium is 

generally considerably greater at the commencement of the 

bombardment than when this has been prolonged for some 

time, but in the majority of cases there seems to be a residual 

effect which remains even when the bombardment has lasted 

for a long time. The larger effect observed at hrst is dee I 

think to helium absorbed by, or accumulated on, the substance 

bombarded ; the question arises, is the more lasting evolution 

of this gas due to the liberation of accumulated helium linger¬ 

ing in the solid, or are the atoms of the elements bombarded 

by the cathode rays disintegrated, one of the products of dis¬ 

integration being helium, or as a third alternative are there 

salts of helium present in the substance as impurities, and are 

these dissociated by the cathode rays. The first published 

account of the evolution of helium in vacuum tubes is that 

given by Sir William Ramsay (‘^ Nature,^’ Jnly, i8, 1912); 

he found that when the glass of old Rontgen ray bulbs w^as 

heated, sufficient helium was given off to be detected by 

spectroscopic methods. 

Before proceeding to consider how the various explanations 

of the appearance of helium may be tested, it is advisable to 

discuss some general aspects of the question. The difficulty of 

finding the origin of the helium is considerably greater than the 

corresponding problem for owing to the presence of helium 

in the atmosphere. The positive ray method is so sensitive 

that the amount of helium in a cubic centimetre of air (which 

according to Ramsay is about 4 x 10 “ ^ c.c. at standard 

temperature and pressure) produces a strong line on the 

photograph, a line stronger than that found in most of the 

experiments described below, so that in the greater part of 

these experiments we are dealing with amounts of helium less 
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than that which coold be accounted for by the entrance of 

i C.C. of air into the apparatus. This source of helium has to 

be carefully guarded against; it is necessary, for example, to 

be very careful in the use of charcoal cooled by liquid air for 

producing the final vacuum. The cooled charcoal hardly ab¬ 

sorbs the helium at all and thus this gas is not taken out of 

the vessel by this method of exhaustion. For example, if the 

first stages of the exhaustion were done by a water pump 

which takes the pressure down to a centimetre or so, and the 

rest of the exhaustion done by cooled charcoal, sufficient 

helium and neon would be left in the vessel to give very strong 

lines on the positive ray photograph. It is necessary in ex¬ 

periments of this kind to reduce by a mercury pump the pres¬ 

sure to a fraction of a millimetre of mercury before applying 

the cooled charcoal 

We can, however, in experiments when the helium is liber¬ 

ated by prolonged bombardment eliminate this source of error, 

for if the helium and neon came from the air and not from the 

solid the amount of them produced would not depend on the 

length of the bombardment. I have checked in this way these 

experiments and have found that the helium is not appreciable 

unless the bombardment is prolonged for an hour or so and 

increases in amount with the length of the bombardment 

Thus if the helium comes from the air the air must have been 

absorbed by the substance and the helium in it liberated by 

the bombardment. 

To test whether this was the source of the helium I bom¬ 

barded soluble salts such as LiCl, NaCI, KCl, KI, RbCl, Ag 

No^f which were dissolved in water and also in some cases in 

alcohol and then evaporated to dryness, the process being in 

some cases repeated several times. Salts which had been 

treated in this way yielded helium and in some cases neon ; 

the yield of helium from the salts of the alkali metals and in 
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particular from potassium was exceptionally large, KI giving 

a larger supply than any other of the substances I examined* 

with the exception of those like monazite sand which are 

known to contain large supplies of helium. Some of the salts 

have yielded apparently undiminished supplies of helium* 

after being dissolved and evaporated ten or twelve times. In 

order to see whether this process of solution and evaporation 

would get rid of dissolved helium* the following experiment 

was tried. It is well known that when the electric discharge 

passes through helium from aluminium electrodes, these elec¬ 

trodes absorb a considerable amount of helium. A piece of 

aluminium was divided into two portions, one half was made 

into electrodes of a vacuum tube filled with helium at the 

pressure of three or four millimetres of mercuiy^ and a current 

passed through the gas for two days, after this treatment the 

electrodes were dissolved in hydrochloric acid and evaporated 

to dryness. The salt thus obtained was then placed in the 

positive ray apparatus, bombarded by cathode rays for several 

hours, and a positive ray photograph of the gas given off was 

taken; it was found that the helium line was faint but per¬ 

ceptible. The other half of the aluminium which had not been 

near helium was then dissolved, evaporated, bombarded and 

the photograph taken, the intensity of the helium line in this 

case was but very little less than in the other, the difference 

not being greater than one would expect from accidental 

variations in the intensity of the discharge; this experiment 

shows, I think, that solution may be relied upon to eliminate 

absorbed gas. 

The aluminum cathode in the tube used to bombard the 

substances with cathode rays might be suspected as a source 

of helium. If this were the case, however, the rate of production 

of helium would not depend upon the nature of the salt bom¬ 

barded, nor would it make any difference as to whether the 
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cathode rays hit the salt or not As both these conditions have 

a great influence on the rate of production of helium we may 

r^ard this source as eliminated. In addition to the preced¬ 

ing considerations some of the cathodes have been in almost 

continuous use for months without any perceptible diminution 

in the rate of supply of helium. 

There is another possibility which it is much more difficult 

to eliminate by means of physical experiments, though the 

chemical properties of the inert gases may be thought to make 

it veiy^ improbable; this is that helium can combine with a 

lai^e number of elements and that these helium compounds 

exist as impurities in the salts of these elements and that these 

compounds of helium, present as impurities in soluble salts, 

are also soluble. The fact that helium is given off by nearly 

every substance shows that this solid compound or compounds 

must be extremely widely spread if it is to explain the helium 

production. They must also possess very special chemical 

properties in order to explain a large number of cases of which 

the following is an example: if we take AgN O3, a salt which 

will give some helium on bombardment, dissolve it in water, 

add HCl, we get a precipate of AgCl, now this silver chloride 

on bombardment will also give helium. 

Thus if compounds of helium are present as impurities 

they must be precipitated by the same chemical reactions as 

precipitate the salts of the element with which they are 

mixed. It must I think be acknowledged that to explain the 

production of helium by the dissociation of helium compounds 

present as impurities obliges us to assign to helium chemical 

properties of a much more energetic kind than those usually 

assigned to it. On the other hand there are some effects 

connected with the appearance of helium which suggest that 

the source of this gas is not the whole mass of the salt but 

only a small fraction of it, and which would in fact be more 
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easily explained by the presence of an impurity than on the 

view that the cathode rays can detach helium from any atom, 

of potassium say, which they happened to bombard. One 

effect of this kind is the very considerable variation in the 

amount of helium which comes off from different specimens of 

the same salt when bombarded under apparently similar con¬ 

ditions, and sometimes also of considerable variations in differ¬ 

ent salts of the same metal; thus I have always got more helium 

from KI than from KCL We must not, however, lay too great 

stress on this for it is difficult to ensure that the bombard¬ 

ment by the cathode rays is of the same intensity in any two 

experiments ; a very^ slight variation of the pressure of the gas 

in the bombardment vessel might produce large variations in 

the energv^ of the rays striking against the salt. 

Another effect, which also favours the impurity view, is 

that the rule of evolution of helium, unlike that of X3 by the 

bombardment of potash, in nearly every case shows a tendency 

to diminish after long continued bombardment. This occurs 

even with salts which have been dissolved and evaporated to 

dryness. Experiments which are not yet completed are being 

made to see if the evolution of helium stops entirely after long 

continued bombardment. These effects could be explained 

and the difficulties attendant on the view that the helium 

comes from an impurity of the ordinary kind avoided by some 

such view as the following. The evolution of helium is not 

due solely to the bombardment, by the cathode rays. In the 

atoms of the ordinary elements and especially in those of the 

alkali metals a process is at work analogous to that which 

causes the expulsion of a particles from the atoms of the 

ordinary radio-active elements ; the difference being that in 

the case of the ordinary elements the a particle, i.e. the 

helium, instead of being projected with the enormous velo¬ 

city characteristic of radio-active substances, is projected 
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with so little energy that it does not wholly escape from the 

parent atom. It is loosened, so to speak, by effects which are 

analogous to radio-active effects and are independent of the 

cathode rays, the function of these rays is to detach the already 

loosened helium atoms. Thus it would only be certain atoms 

of the element which would yield helium when bombarded 

and when these were exhausted the supply of this gas would 

cease. The number of such atoms too might be expected to 

vary with different specimens of the same salt. Another view 

that might be suggested is that the helium might be formed in 

some such way as we have supposed X3 to be formed, i.e. by 

the aggregation of atoms of hydrogen. If this were the case, 

however, we should expect that the formation of helium would 

be much more pronounced when the bombarded salts contained 

hydrogen than when they did not; as a matter of fact, however, 

some of the salts which yield the largest supply of helium 

such as KI do not contain any hydrogen. 

The view that helium can be got from other chemical ele¬ 

ments raises questions of such a fundamental character that few 

will be prepared to accept it until every other explanation has 

been shown to be untenable. It would greatly strengthen the 

proof if we could detect the parts of the atom which remain when 

the helium is split off. Experiments are being made with this 

object but there are very considerable -difficulties to be over¬ 

come. The alkali metals have so far afforded the largest sup¬ 

ply of helium ; let us consider what the residues would be in 

this case. If we took He from Li the residue would probably 

be hydrogen, now hydrogen always occurs in the positive rays 

and no conclusion could be drawn from its occurrence when 

lithium was bombarded. Next take the case of sodium; the 

residue after the abstraction of helium would have the atomic 

weight 23 - 4 = ipjlwhich corresponds*to fluorine, an element 

’of such energetic chemical properties that it would probably 
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enter into chemical combination and escape detection; similar 

considerations apply to potassium, the residue from which 

might be chlorine—this again on account of its chemical pro¬ 

perties would be difficult to detect. If we were to take ele¬ 

ments of much greater atomic weight the residues would have 

high atomic weights also and these heavy atoms are not de¬ 

tected by the photographic plate nearly so easily as the lighter 

ones like helium, so that even if there were the same number 

of the atoms of the residue as of the helium present in the tube 

the helium might show' on the plate while the residues did not. 

The most promising elements for this purpose are light 

elements like carbon or beiyllium whose residues would not 

coincide with any likely impurities in the tube. I have tried 

some experiments with pure carbon but hitherto have only 

been able to obtain such minute quantities of helium from it 

that it is impossible to draw any definite conclusions. 
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